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THOE'S PEEFACE. 



IN his Report for the year 1881, Mr. E. P. Seaver, Superintendent 
of the Public Schools of Boston, says : — 

<<It is a cardinal principle in modem pedagogy that the mind 
gains a real and adequate knowledge of things only in the presence 
of the things themselves. Hence the first step in all good teaching 
is an appeal to the observing powers. The object-s studied and the 
studying mind are placed in the most direct relations with one 
another that circumstances admit. Words and other symbols are 
not allowed to intervene, tempting the learner to satisfy his mind 
with ideas obtained at second-hand. One application of this prin- 
ciple is seen in the so-called object-teaching; but the principle is 
applicable to all teaching, and all methods of teaching based on 
it are known as objective methods. The theory goes even further, 
and declares, in general, that no teaching which is not objective in 
method can properly be called teaching at all. Hence we have this 
test: Is our teaching objective in method?" 

This unequivocal language, from the pen of one of our foremost 
educators, faithfully and forcibly reflects the sentiment of the age, 
and leaves nothing further that need be said in advocacy of object 
or inductive teaching. The question for us to consider is, How shall 
object-teaching be conducted? Shall the teacher manipulate the 
apparatus, and the pupil act the part of an admiring spectator? 
or. Shall the pupil be supplied with such apparatus as he cannot 
conveniently construct, always of the simplest and least expensive 
kind, with which he shall be required, imder the guidance of his 
teacher, to interrogate Nature with his own hands? By which 
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method will he acquire the most vigorous growth, and be most 
likely to catch something of the spirit which animates and encourages 
the faithful investigator ? Can elegantly illustrated works and lucid 
lectures on anatomy and operative surgery take the place of the 
dissecting room? Have lecture-room displays proved very effectual 
in awakening thought and in kindling fires of enthusiasm in the 
young? Or would a majority of our practical scientists date their 
first inspiration from more humble beginnings, with such rude uten- 
sils, for instance, as the kitchen affords ? Is the efficiency of instruc- 
tion in the natural sciences to be estimated by the amount of costly 
apparatus kept on show in glass cases, labelled <* hands off," or by 
its rude pine tables and crude apparatus bearing the scars, scratches, 
and other marks of use ? Why should this fundamental study, which 
logically precedes all other experimental sciences, and ought there- 
fore, beyond all others, to be sound and thorough, be left in the 
condition of '<a mere cram subject"? 

Fortunately we are able to appeal to experience in a kindred 
field for an answer to the first two questions propounded. During 
the last twenty years there has been almost a xmiversal change 
from the former method of instruction in Chemistry to the latter, 
so that to-day our best high schools and academies are provided 
with chemical laboratories for pupils' work. The result has been 
that this branch, which was formerly a dull and almost profitless 
study, has become one of the most interesting and useful in the high 
school curriculum. Is there any reason why laboratory practice should 
not do a similar work for Physics ? In other words. Do not the same 
arguments that have been urged for the introduction of chemical 
laboratories apply with equal propriety and force in advocacy of 
physical laboratories? 

But it is claimed by some that " In Physics the laboratory practice 
must necessarily be somewhat limited," and the usual, and almost 
the only reason given, is ^'on account of the expense." This objec- 
tion rests upon the flimsiest of foundations. The expense of 
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equipping and maintaining a physical laboratory which will answer 
the requirements of this book, ought to be considerably less than 
a similar expense to meet the demands of Eliot and Storer's Ele- 
mentary Manual of Chemistry. In the English High School, in the 
city of Boston, the sum of three hundred dollars has furnished a 
physical laboratory which answers the requirements of a large 
school. Many and many a school has inyested in showy but almost 
useless apparatus, — for example, in trifling electric playthings, — a 
sum of money which would go far towards the establishment of a 
simple working laboratory. But more, much more, depends upon 
the teacher than the cost of materiaL " If he has the real scientific 
spirit, he will do a great deal with small appliances; but if his 
work is done in a perfunctory manner, then the best equipment in 
the world will serve him but scantily." 

Although this book has been prepared with a view to laboratory 
work, it may, in common with all text-books, be used as a mere cram- 
book. It may be advantageously used by those teachers who prefer 
or are compelled, by a real or a supposed want of time, to perform 
experiments themselves with elaborate apparatus. Such apparatus, if 
the teacher possesses it, is best explained to the pupil viva voce^ and 
pictures of the apparatus are not needed, while the book will serve an 
additional and an important purpose of showing how the same results 
may be obtained in a more simple « way. The great central ideas 
which are kept prominent throughout the book, and which serve to 
connect the difEerent departments of Physics in one coherent whole, 
are the doctrines of the conservation of energy and the correlation 
of forces. So far as practicable, experiments precede the statements 
of definitions and laws, and the latter are not given imtil the pupil 
is prepared, by previous observation and discussion, to frame them for 
himself. The subjects are so arranged that, in case a year is devoted 
to this study, Heat and Electricity may be studied in the winter 
months, and Light in the sunny days of summer. 

Many problems are given in connection with the various principles 
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and Iawb. It is not expected that all pnpils will perform all the 
problems ; but the teacher will select judiciously from them. If the 
minds of the pupils are quite immature, or the time devoted to this 
study is very limited, it would be advisable to omit some of the 
more difficult topics ; such, for instance, as are treated in {§ 93-07, 
and others. Most teachers prefer the ** too much '* to the '< too little." 

Every teacher has a method of his own. But perhaps the follow- 
ing plan, practised by the author, may be suggestive to some : He 
divides the experiments into three classes: home, laboratory, and 
lecture-room experiments. The first class is indicated in the assign- 
ment of a lesson. They are such as may be performed with such 
simple means as every pupil has at his home. The laboratory experi- 
ments are conducted as follows : Suppose that the number of pupils 
engaged at one time is fifteen, about as many as one teacher can care 
for successfully, and that the number of experiments to be performed 
during the hour is l&ve, which is about an average number ; then, to 
save a multiplicity of apparatus of the same kind, only three sets of 
apparatus of a kind are provided for each experiment. As soon as a 
pupil completes an experiment with one piece of apparatus, he looks 
about for an idle piece of some other kind; or, finding none, 
he improves the time in writing notes on his experiments until 
apparatus is ready for him ; in this way each pupil performs five 
experiments during the hour, and devotes an average time of twelve 
minutes to each experiment, including the time of writing notes. 
The third class of experiments includes such as require the use of 
apparatus that cannot safely be placed in the hands of pupils, — a 
very limited number, — and those which have been performed by 
the pupils, and which the teacher may wish to repeat in a more 
elaborate way. 

Laboratory practice and didactic study should go hand in hand, 
and divide time with one another about equally. In general, let the 
experiment precede the instruction, the pupils being guided in their 
investigations in the proper channels by the book and by blackboard 
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directions. Do not teach pupils to swim before entering the water. 
Supt. Seaver, in another part of his report, exclaims : — 

<< How many of our text-books begin, not with the suggestion of 
concrete illustrations, but with abstract definitions, and still more 
abstract < first principles,' — blind guides to the blind teacher, and 
sources of perplexity to teachers who are not blind," etc. 

Why should the pupil so frequently, to his great discouragement, 
be called upon to break through a wall of such difficulties before 
coming in contact with Nature? 

The author would take this occasion to acknowledge with pro- 
found thanks his indebtedness to many distinguished professors of 
Physics for valuable assistance. Professor C. K. Wead of Michigan 
University has read the entire work in manuscript, and Dr^ C. S. 
Hastings of Johns Hopkins University has read the larger portion 
in manuscript and the remainder in proof Hsheets ; and their many 
practical suggestions have largely contributed to whatever of success 
may have been achieved. Prof. T. C. Mendenhall of the Ohio State 
University has rendered valuable assistance in the preparation of the 
summary of mechanical formulas and units on page 128, as well as 
in the revision of the proofs. To Professors A. E. Dolbear, Tufts 
College ; C. R. Cross and S. W. Hohnan, Mass. Inst, of Technology ; 
C. F. Emerson, Dartmouth College ; J. £. Davies, University of Wis- 
consin; B. C. Jillson, Western University of Pennsylvania; A. C. 
Perkins, Exeter Academy ; J. E. Yose, Cushing Academy, Ashbum- 
ham; J. O. Norris, East Boston High School; G. C. Mann, Jamaica 
Plain High School ; and others, who have kindly and patiently read 
and criticised the proofs as they have passed through the press, our 
hearty thanks are due. 

Under the guidance and counsel of such an array of disting^uished 
instructors, we may well feel a degree of confidence that the teachings 
of the book are not far wrong. Yet it should be distinctly imder- 
stood, that for any errors which may have crept into the book, the 
author holds himself entirely responsible. 
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ELEMENTS OF PHYSICS. 



CHAPTER I. 
MATTER AND ITS PROPERTIES. 



I. INTRODUCTION. 

§1. Experimentation. — An experiment is a question put 
to Nature. We receive the answer by means of a pTienomenon^ 
— that is, a change which we observe, sometimes by the sight 
or hearing, sometimes by other senses. In every experiment, 
certain facts or conditions are always known ; and the inquu-y 
consists in ascertaining the facts or conditions that follow as a 
consequence. The following experiments and discussions will 
illustrate : — 

§ Z Thiners known and things to be ascertained. — We 
are certain that we cannot make our right hand occupy the same 
space with our lefb hand at the same time. All experience 
teaches us that no two portions of matter can occupy the sayne 
space at the same time. This property which matter possesses 
of excluding other matter fh>m its own space, is called impene- 
trability. It is peculiar to matter; nothing else possesses it. 
These facts being known, let us proceed to put certain inter- 
rogatories to Nature. Is air matter? Is a vessel full of air 
a vessel full of nothing? Is it " empty" ? Can mxxtter exist in 
an invisible stated 

Experiment 1. Float a cork on a surface of water, cover it with a 
tumbler or tall glass jar, and thrust the glass vessel, i»QUth downward, 
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Into the water. In use a tall Jar (Fig. 1) Is nsed, the experimeDt 
inaj be made more attractive by placing on the cork 
"S* '- a lighted candle. State Aoio the ezpertment answers 

each of the above questions, and what evidence it 
famishes that air Is matter ; or, at least, that air Is 
nice matter. 

Experlmoit 2. Hold a test-tube for a mlnnte 
over the month of a bottle containing ammonia 
water. Hold another tnbe over a bottle containing 
hydrochloric acid. The tubes become filled with 
gases that rise from the bottles, yet nothing can 
be seen in either tube. Place the month of the first 
tnbe over the month of the second, and Invert. 
Straightway a white cloud appears in the tubes. 
Soon a white, flaky solid collects on the bottom of 
the lower tnbe. Sorely, out of nothing we cannot 
create something. Which one of the above ques- 
tions does tills experiment answer? How does the experiment oo- 
awer it? 

Agun, we itre quite fimiiliai with the fact tiiat matter exerts a 
downward pressure oa things upon which it resta ; aod Qatt 
matter, in a liquid state at least, exerts pressure in other direc- 
tions than downward, as, for instance, against Qie sides of the 
containing vessel. Does air exert presauref 

Experlinent 8. TlirDst a tnmbler, month downward, into water, 
and slowly invert. You see bobbles escape trom the 
^^- *■ month. What is this that displaces the water, and 

, forms the bubbles? When the tnmbler becomes flUed 
with water, once more invert, beeping Its month 
under the snrftce of the water, aai raise it nearly ont 
of the water, as in Figure 2. The water does not 
All ont of the tnmbler, hnt remains In it, entirely 
flUing it Hence, there is some pressure exerted on 
the free sarfiwe of the water ; otherwise, the level 
wonld be the same in the two commnnicatlng vessels. 
This pressure on the snrfkce of the water can only lie 
produced by gome body resting thereupon. But there 

is no body, except Uie air, tiiot rests npon it What conclusion do 

yon draw tmu tUsT 
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Experlmutt 4. Pass a glass tnb« tbroogh the stopper of a bottle 
(Fig. 8). Attach a rubber tabe to the glass tabe. Exhaust 
the air by " sactioo" fh>m the bottle; pinch the rubber ^' 

tube Id the middle, Insert the open end into a basin of 
water, and then release the tnbe. What causes the water 
to enter the bottle ? Whj does not Hie water fill the bot- 
tle f 

Finally, we know that matter has weight, and noth- 
ing else has it. Haa air weight? 

ExperlmoQt 6. Exhaust the air by means of an air- 
pnmp (htm a hollow globe (Fig. 4). Having tamed the 
stop-cock to prevent the entrance of air, carefhlly balance 
the globe on a scale-beam, as In Flgnre 5. Afterwards turn 
the stop-cock, and admit the air. The globe la no longer 
balanced. Once more apply weights till It is balanced. 

The experiments with air teach ua that it is matter, 
since, like matter, U can exclude other matter from the space it 
occupies, it exerts pressure, UTid Juts weight, while all the above 
experiments draw from nature one reply, hatter cam exist m 

AN INVISIBLE STATE. 

§3. MinutenesB of particl«B of matter. — Physiologists 
teach ua, that, in order to smell any substance, we must take 

into onr nostrils, as we 

breathe, small particles of j-v 

that substance which are 

floating in the air. The 

air, for aeveral meters 

around, is sometimea filled 

with fr^rance &om a rose. 

You cannot see anytliing 

in the fur, but it ia, never- 
theless, filled with a very 
fine dust that floats away fh)m the rose. The odor of rosemary 
at sea renders the shores of Spain distinguishable long before 
Uiey ar« in sight. A grun of musk will scent a room for many 
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years, by constantly sending fortii into the air a dust of mask. 
Though the namber of particlea that escape must be countless, 
yet they are so small that the original grain does not lose 
perceptibly in weight. 

The microscope enables us to see, in a single drop of stagnant 
water, a worid of living creatures, swimming with as much liberty 
as whales in a sea. The larger prey upon the smaller, and the 
smaller find their food in the still smaller, and so on, till the 
power of the microscope fails us. The whale and the minnow 
do not differ more in size than do some of theee animalcules, the 
largest of which are hardly visible to the naked eye. But as 
the smallest of these perform very complex operations in col- 
lecting and assimilating food, we must conclude that they are 
composed not only of many particles, but of many kinds of 
matter. These minute living forms that people the microscopic 
world are exceedingly lai^, in comparison with the incon- 
ceivably minute particles called molecitles, whidi physicists now 
" measure without seeing." 

S 1 The molecule. — Experiment I. Examine careAillr a. drop 
of water with tbe naked e;e, or with a microscope. So I^r as yon are 
able to see, the space occnpled by the drop is entirely 
filled with water, Fill a test-tube with water (Fig. 6). 
Insert a cork stopper, pierced with a glass tube ; heat 
over a lamp-flame, and note the phenomena produced. 
"Die water expands, and rises in the smaller tube; stiU 
the test-tube seems to be fnll of „_ , 

water. Place it in ice-water, and 
tbe water contracts. 

This change of volume can ' 

be explained only on one of 

two suppositions : the space < 

occupied by the water may, as 

it appears, be AiU of water, 
which the heat causes to expand, and occupy a greater space, as 
represented graphically in Figure 7 ; or the body of water may 
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consist of a definite nomber of distinct particles called molecuiea 
(as represented in Figure 8) , separated from one anottier by 
spaces so small as not to be perceptible, 
even with the aid of a microscope. Expan- 
sion, in this case, is accoonted for by a simple 
separation of molecules to greater distances. 
There ia no increoae in the number of mole- 
eulei, no increase in their size, only an en- 
largement of apace bettoeen them. Whi<^ 
of these suppositions is the more probable P 

Sxperim«nt 2. Place a tambler full of cold 
water In a warm place, aitd In aboat an hour 
examiiM It Ton find m*aj small babbles of air cllnf^ng to all parts 
of the Interior iorface of the glass. Is It probable Uiat oatalde air 
has descended into the liquid? 

Bxperlment 8. Place a tnmbler half fnll or water nnder a glass 
receiver of an air-pomp (page Si), and exhaast the air. When a verf 
good vacnnm has been obtained, hnbhlea of air will be seen to form 
at all points in the llqnid, and to rise and barst near the eorface. 

Eridentl; the air was previously in the same space occupied 
by the water. This seems to contradict the first of the aboye 
sappoeitions ; for, according to that, the space occapied by the 
water is fvU of water, leaving no room for other matter. But 
according to the second suppositioii, the space is not JiHed with 
water ; there is stdll room for particles of otJier matter ia the 
spaces among the molecules of water. Now, as we cannot ocm- 
ceiTC of two portions of matter occupymg tbe same space at 
the same time (e.^., where tar is, water cannot be), we con- 
dode that tbe glass " Ml of water " is not Aill of water. In a 
similar maooer, it may be shown tliat no risible body com- 
pletdly fills tbe space enclosed by its surface, but that there are 
spaces in every body that may receive foreign matter. If there 
are spaces, then tbe bodies of matter that our eyes are per- 
mitted to see are not coDtinoous, as space is continuous. But 
every visible body is an aggregation of a countless number of 
separate and individual bodies called molecuiea. 
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Perform, at your homes, the two following experiments : 

Experiment 4. Palverize one-half of a teaspoonAil of starch, and 
boil it in two tablespoonftils of water, stirring it meantime. What 
phenomena occur? What do they teach? What becomes of the 
water ? 

. Experiment & Fill a bowl half taW with peas or beans. Just cover 
them with tepid water, and set away for the night. Examine in the 
morning. What phenomena do you observe? Explain each. 

Strictly speaking, are bodies of matter impenetrable? What 
only is impenetrable ? When j'ou drive a nail into wood, do you 
make the two bodies occup}' the same space at the same time ? 
Do the wood and the iron occupy the same space ? How only 
can 3^ou explain this phenomenon, consistently with the princi- 
ples of impenetrability of matter? 

§ & Theory of the constitution of matter. — For reasons 
which appear above, together with many others that will appear 
as. our knowledge of matter is extended, physicists have gener- 
ally adopted the following theory of the constitution of matter. 
Every visible body of matter is composed of eocceedingly smdU 
particles, called molecules; in other words, every body is the sum 
of its molecules. No two molecules of matter in tJie universe are 
in contact with ea^ch other. Every molecule of a body is separated 
from its neighbors, on all sides, by inconceivably small spax^es. 
Every mMecule is in quivering motion in its little space, mx)ving 
back and forth between its neighbors, and rebounding from them. 
When we heat a body we simply cause the molecules to move more 
rapidly through their spaces; so they strike Jiarder blows on their 
neighbors, and usually push them away a very little; hence, the 
size of the body increases. 

This theory seems, at first, little more than an extravagant 
guess. But if it shall be found that this theory, and this theory 
alone, will enable us to account for most of the known phenom- 
ena of matter, then we shall be content to adopt it till a better 
can be produced. 
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§ 6. Porosity. — If the molecules of a body are nowhere in 
absolute contact, it follows that there are unoccupied spaces 
among them which may be occupied by molecules of other sub- 
stances. These spaces are called pores. Water disappears in 
cloth and beans. It is said to penetrate them ; but it really 
enters the vacant spaces or pores between the molecules of these 
substances. All matter is porous; thus water may be forced 
through solid cast-iron, and dense gold will absorb the liquid 
mercury much as chalk will water. The term pore^ in physics, 
is restricted to the invisible spaces that separate molecules. The 
cavities that may be seen in a sponge are not pores, but holes ; 
they are no more entitled to be called pores, than the cells of a 
honeycomb, or the rooms of a house, are entitled to be called, 
respectively, the pores of the hone^^comb or of the house. 

Small as anlmalcales are, they are coarse lumps In comparison with 
the size of the molecale. By means of delicate calculations, the physi- 
cist has succeeded In ascertaining approximately the probable size of 
the molecule. If a drop of water could be magnified to the size of the 
earth, It Is thought that Its molecules would appear smaller than an 
apple. In other words, the molecule, In size, Is to a drop of water 
what an apple Is to the earth. If we should attempt to count the num- 
ber of molecules In a pin's head, counting at the rate of ten million In 
a second, we should require 250,000 years. 

§7. Density. — Cut several blocks of wood, apple, putty, 
lead, etc., of Just the same size, and weigh them. Do they have 
the same weight? Can you explain the difference by a differ- 
ence of porosity ? 

Again, if you can try the experiment illustrated in Figs. 4 and 
5, using various gases, you will find that the weights of the same 
volumes of different gases are different. But the chemist has 
reasons for believing that there is the same number of molecules 
in the globe whatever be the gas, if the pressure and the tem- 
perature are the same. We see then that some bodies have more 
matter in a given volume than others, either because the molecules 
are closer together, or because tiie molecules are different ; we caU 
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them more dense. By the mowa oj a body we understand the 
quantity of matter in it; and by its density y the mass in the unit 
volume of it. For example, the density of cast-iron is about 
450 pounds per cubic foot. 

§ 8w Simple and oompoiind substanoes. — Place a small 
quantity- of sugar on a hot stove. In a few minutes it changes 
to a black mass. This black substance is found to be char- 
coal, or carbon, as chemists call it. Evidently the sugar must 
have contained carbon, for the carbon came from the sugar. 
Chemists are also able to obtain water from sugar. The heat, 
in our experiment, expels the water in the form of steam, and 
leaves the carbon. Carbon can be extracted from sugar in 
another way. Prepare a very thick syrup, by dissolving sugar 
in hot water, and pour upon the syrup two or ttiree times its 
bulk of sulphuric acid. You will quickly obtain a bulky, spongy 
mass of carbon. 

By suitable processes, there may be obtained from marble 
three substances, each one of which is entirely unlike marble. 
One of the substances is carbon ; another is a metal called cal- 
cium, which looks ver}' much like silver ; the third is a gas called 
oxygen, which, when set free from its prison-house in the solid, 
expands to many times the size of the marble from which it was 
liberated. 

If we should grind a small piece of marble for many hours in 
a mortar, we should reduce the marble to a very fine powder, 
but should fall very far short of reducing it to its molecules. 
Still, each little particle of the powder is as truly marble as the 
original lump. If we should continue the division, in our imagi- 
nations, till the marble were reduced to molecules, we should 
expect to find all the molecules just alike. Now, since our 
smallest piece, our molecule, our unit of marble, is marble^ and 
since marble is composed of the three substances, carbon, cal- 
cium, and oxygen, we conclude that our molecule itself must be 
capable of division. No one has been able to separate any one 
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of these substances into other substances. No one has taken 
away fh>m calcium anything but calcium, or extracted from 
carbon, or from oxygen, anything but carbon and oxygen. 

Those substances that have resisted all efforts to break them 
up into other substances are called aimxile substances or ele- 
ments. Those substances that may be broken up into other 
substances are called compound substances. Of the large num- 
ber of substances known to man, only 71 are elements. All 
other substances are compounds of two or more of these 71 
elements. 

A molecule of any sub^ance, simple or compound^ is thai 
minute mass of the substance which cannot be divided without 
destroying its properties. 

§9. Physical and chemical changes. — When sugar is 
ground to a powder, the particles are simply torn apart, but do 
not lose their characteristics. The powder is just as sweet as.the 
lump. Such a division is called sl physical division. Generally, 
any change in a substance that does not cause it to lose its identity, 
in other words, to ceoM to be that substance, is called a physical 
change. When sufficient heat is applied to sugar, the molecules 
themselves are divided ; and when a molecule of sugar is divided, 
the result is not two parts of a molecule of sugar, but the' two 
substances, carbon and water. The sweetness is destroyed • 
sugar no longer exists ; other substances have taken its place. 
The molecule of sugar is no more like the substances into which 
it has been separated, than a word is like the letters that com- 
pose it. Such a division is called a chemical division. Gener- 
ally, any change in a substance that causes it to lose its identity, 
or cease to be that substance, is caUed a chemical change. 

Ice, heated, melts to water; water, heated, becomes steam; steam, 
cooled, condenses to water; water, cooled, becomes solid. During 
these changes the substance, the molecule, has not changed. There 
has been only a change among the molecules, in distance and arrange- 
ment. What kind of change is this? But if the steam is subjected to 
a very intense heat, the result is that it becomes converted into a 
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mixed gas, coiisisting of two gases, oxygen and hydrogen. This gas 
is not condensable at any ordinary temperature. Unlike steam. It 
boms and even explodes. What kind of separation Is this ? What 
has been separated ? 

Blackboard crayons are prepared by subjecting the dust of plaster 
of Paris to great pressure, which causes the particles to unite and form 
the crayon. What kind of change is this? What kind of union? In the 
experiment (page 2) with the ammonia and hydrochloric-acid gases, 
the two gases disappear, and a solid is left in their place. What kind 
of change is this : chemical or physical? Is it union or separation? 

§ 10. Annihilation and creation of matter impossible. 
— Elxperlment 1. Prepare a saturated solution of calcium chloride. 
Mix with an equal bulk of water and weigh the solution. Prepare a 
dilute solution of sulphuric acid (1 to 4), and pour an equal weight of 
the last solution on the first, all at once, and shake gently. Instantly 
the mixed liquid becomes a solid. The solid formed is commonly 
called plaster of Paris. It is an entirely different substance from 
either of the two liquids used. What kind of change is this ? A new 
substance has been formed. Has matter been created? Weigh the 
resulting solid ; its weight equals the sum of the weights of the two 
liquids. The conclusion is, that no matter has been created, none 
lost. 

Solids may be converted into liquids or gases ; gases may be 
converted into liquids or solids ; substances may completely lose 
their characteristics : but man has not discovered the means by 
which a single molecule of matter can he created out of nothing^ 
or by which a single molecule of matter can be reduced to 
nothing. Matter cannot be created, cannot be annihilated ; it 
Is a constant quantity. The discovery of this fact laid the 
foundation of the science of Chemistry. 

This statement may not seem to accord with many occurrences of 
every-day experience. Wood, coal, and other substances burn ; matter 
disappears, and very little is left that can be seen. But does matter 
pass out of existence when it disappears in burning, or does it assume 
the invisible state known by the name of gas ? 

Experiment 2. Hold a cold, dry tumbler over a candle-flame. The 
bright glass Instantly becomes dimmed ; and, ou close examination, you 
find the glass bedewed with fine drops of a liquid. This liquid is water. 
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Yon may think it strange that water is formed in the hot flame; 
yet this simple experiment shows that tliis is really the case. If water 
is formed during the burning, what is the reason we do not see it ? 
Simply because it rises in the form of steam, which is an invisible gas. 
The visible cloud, often called steam, which is formed in front of the 
nozzle of a tea-kettle, is not steam, but fine drops of water floating in 
the air, — a sort of water-dust. All clouds are of the same nature. A 
cloud always stands over Niagara Falls, even on the clearest days. 
The water of the river falls a distance of 150 feet, and, striking a bed 
of rocks below, some of it is dashed into fragments, or dust, which 
rises in a cloud. 

Experiment 8. Introduce a candle-flame into a clean glass bottle ; 
after it has burned a few minutes the flame goes out. Why does it 
go out ? See whether the air in the bottle is the same as it was be- 
fore. Pour a wineglass fUU of lime-water into the bottle, cover tight- 
ly, and shake. Also pour lime-water into a bottle fllled with air. The 
former becomes white and cloudy, the latter remains clear. It is 
apparent that some new substance has been formed during the 
burning, which, unlike air, can turn the lime-water white. This new 
substance is likewise an invisible gas. 

So that, before we can decide whether or not matter is annihilated 
while burning, it is necessary to collect carelVilly, not only the ashes, 
but all the invisible gases that are formed. This is a somewhat 
troublesome experiment ; but it has been frequently performed, and it 
is found that their collective weight is quite equal to the weight which 
the candle loses. 

Water does not pass out of existence when it '* dries up" ; nor are 
raindrops and dewdrops created out of nothing. Matter is everywhere 
undergoing great and various changes, both chemical and physical. 
Nature is ever arraying herself in new forms. The sun warms the 
tropical ocean, converting the liquid into vapor; the vapor rises iu 
the air, is recondensed on mountain hights, and returns in rivers to 
the ocean whence it came. Geology teaches us that continents and 
oceans, and even the *' everlasting hills," have a birth and decay, as 
well as whole tribes of animals and vegetables. Although we may 
be counted among the living ten years hence, our bodies will, ere 
that, have crumbled into dust ; and the matter that will then compose 
our bodies is to-day to be found mainly in the earth upon which we 
tread. Change is stamped upon all matter ; nothing is exempt. Only 
the quantity of matter remains unchanged. 
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j IX Foroe. — Experiment t. From k piece of cardboard sns- 
pend, by means of silk timada, nix plth-balls, so that they may be 
about >«■' ^lart. Procure a 
clean, diy glass tube, about 
40" long and 8™ In diam- 
eter. Rnb a portion of this 
tube brisklj with a silk hand- 
kerchief, and hold It about 
*™ below the balls. The balls 
seem to become suddenly pos- 
sessed of life: They gather 
about the rod, and strive to 
reach It. If we cnt one of 
the threads, the ball wilt By 
straight to the rod, and cling to it for a time. The means by which 
the rod pulls the balls Is Invisible. Yet evidence Is positive that the 
rod has an Influence on the balls, — that It pwlU them. Slip a piece of 
glass between the rod and the balls ; still the Influence is felt by the 
baUa. The glass does not sever the invisible bonds that connect the 
balls with the rod. 

Now slowly bring the rod near the balls, till they touch. They at 
first cling to the rod; but soon the rod, as If displeased with their 
company, begins to push them away. Withdraw the rod; the balls 
do not hang by parallel threads as before, but appear to be pushing 
one another apart. Gradually bring the palm of the hand up beneath 
tiie balls, bat without touching them. The balls gradually yield to 
the pnll of the hand, and come together. Remove the hand, and 
they again fly apart Matter does not seem to be the dead, Inert 
thing which it is often csJIed ; It can pueh and pull. 

Experiment 2. Raise one of these balls with the fingers, and then 
withdraw the fingers. Something from below seems to reach up, and 
pull the baU down agidn. The same happens with each one of the 
balls ; every ball is pulled by something below. What is it that pulls 
the balls? CaiTy the balls Into another room, the same thing occurs. 
Carry them to any part of the earth, the same thing occurs. It must 
be that It Is the earth Itself that pulls the balls. The earth pulls the 
fruit and the leaf from the tree to itself ; It pulls (dl objects to Itself ; 
and more, — it holds them there. Attempt to raise anything from the 
gronnd, and you feel the earth's pull resisting you. 

Attempt to break a string, or crash a piece of chalk, and you find 

' Tibl» uf ths Ustrlc lleuurci nmj bfi found Id Uw AppsndU, BscUon A. 
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fhat, notwithstanding the molecules of these bodies do not touch one 
another, they possess a force which tends to keep them together, and 
to resist your attempt to separate them. 

§ IZ Foroe defined. — This tendency to push and to 
pull, which matter possesses, is called force. We do not 
know why separate portions of matter tend to approach one 
another, or to separate from one another. We do not know the 
nature of force; we cannot see it or grasp it; we simply 
know that there must be a cause for certain effects produced. 
The familiar effects produced are motion and rest. For exam- 
ple, we see a body move ; we know that there is a cause : that 
cause we attribute to foroe. When a body in motion comes to 
rest, we look for a cause, and that cause we atti*ibute to force. 
It is difficult to define force ; probably the most comprehensive 
definition that has been given is the following: Force is that 
whicfi can produce^ change j or destroy motion. 

All force exhibits itself in pushes or pulls. All motion is 
produced b}' pushes or pulls, or by a combination of both. A 
pulling force is called an attractive force, or simply attracstion. 
A pushing force is called a repeUenJt force, or repulsion. 

§ 13. Attraction and repulsion mutual. — Experiment. 

Suspend a wooden lath in a sling. Rub one end of a glass rod with 
silk, and bring that end of the rod near to one end of the lath. The 
lath is attracted by the rod and moves toward it. Now place the rod 
in the sling, and bring the lath near to its excited end. The lath draws 
the rod to itself. We conclude that the pulling force belongs to boUi 
— that both are concerned in the pulling: In the experiment with the 
pith-balls (§11, Exp. 1), they seem to be mutually pushing each other. 
All attraction and repulsion between different portions of matter are mutual, 

§14i Molar and moleoular foroes. — The glass rod does 
not seem to possess any attractive force, until it is rubbed with 
the handkerchief. The pith-balls do not repel one another until 
they have fii*st touched the glass rod. After a time, the rod 
and the balls lose both their attractive and repellent forces. 
Or, if we pass the hand several times over the part of the rod 
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that has been rubbed, and over the balls, they qoickly surrender 
their forces. These forces are temporary. They are called 
electric forces^ and their cause electricity. The attractive force 
that draws the balls to the earth existed before the experiment. 
No manipulation can destroy it or increase it ; it is eternal and 
unchangeable, and exists between all portions of matter. This 
force is called the force of gravity^ and the phenomenon is called 
gravitation. 

We have seen the effects of attractive and repellent forces, 
reaching across sensible distances. Have we any evidence 
that these forces exist among portions of matter, at insensible 
distances, i.e., at distances too short to be perceived by our 
senses? Stretch a piece of rubber; you realize that there is a 
force resisting you. You reason that if the supposition be true, 
that the grains or molecules that compose the piece of rubber do 
not touch each other, then there must be a powerful attractive 
force reaching across the spaces between the molecules, to 
prevent their separation. After stretching the rubber, let go 
one end. It springs back to its original form. What is the 
cause? Compress the rubber ; its volume is diminished. (Does 
this confirm our supposition respecting the granular structure 
of matter?) Remove the pressure ; the rubber springs back to 
its original form. What is the cause ? 

Every body of matter, with the possible exception of the 
molecule, whether solid, liquid, or gaseous, may be forced into 
a smaller volume by pressure, — in other words, matter is com- 
pressible. When pressure is removed, the body expands into 
nearly or quite its original volume. This shows two things: 
first, that the matter of which a body is foi*m^d does not really 
fill all the space which the body appears to occupy; and, second, 
that in the body is a force^ which^ acting from within outwai% 
resists outward pressure tending to compress it^ and expands the 
body to its original volume when pressure is removed. This is, 
of course, a repellent force, and is exerted among molecules, 
tending to push them farther apart. 
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But it has previously been shown that there is also an attracts 
ive force existing between the molecules. Now what is the 
effect, when two forces act on a body in opposite directions? 
Let two boys, at opposite ends of a table, push the table. If 
both push with equal force, the table does not move ; it is as if 
no one pushed it. But if one boy pushes a little harder than 
the other, then the table moves in the direction in which the 
greater force is applied. Now we have the key to the solution 
of a difficulty, which always arises in the mind of a beginner in 
science, when he first hears the startling statement that the 
molecules of bodies, of his own body even, do not touch one 
another. If faith were of quick growth, he would shudder at 
the thought of falling to pieces, or of being wafted away by 
the winds as so much dust. 

The ancients, perceiving that matter must be built up of 
small parts, overcame this difficulty by supposing that the 
minute particles have hooks or claws by which they grasp one 
another. Our knowledge of the operation of forces enables us to 
dispense with hooks and claws, much to the advantage of science. 
We see that the molecules of a body are kept from falling 
apart, or from separation, by a universal attractive force ; they 
are also kept from falling together^ or from permanent contact, 
by an ever-existing repellent force. These forces act at insen- 
sible distances between molecules, and hence are called molecular 
forces. When forces act between bodies at sensible distances 
they are called molar forces. Give illustrations (1) of molar 
forces ; (2) of molecular forces. 

II. THREE STATES OF MATTER. 

§ IS. Matter presents itself in three different states : soUd^ 
liquid^ and gaseous, — fairly represented by earth, water, and 
air. Because these forms are so common and abundant, some 
ancient philosophers held that all solid matter is formed of 
earth, all liquids of water, and all gases of air. On this account 
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ttey called them, togettier with fire, elements or primary matter. 
They cannot now be ao regarded from a chemical point of view, 
beeanae each of them has been separated into still more simple 
sabstances ; nor firom a physical standpoint, because, as wilt 
soon be shown, most substances may exist in any one of these 
states. 

f 16. Oharacteristics of each of these states. 

Experiment 1. Provide two vessels, a cubical dish and a goblet, 
each having a capacity of about 20(K<»>. Also provide 20(K^ of sand, 
200*«> of water, and a cubical block of wood containing 900»». 
Grasp the block, and place it in the cubical vesseL Attempt to do the 
same thing with the water. Why can you not grasp the water ? Pour 
a portion of the water into the cubical vessel. When you move a por- 
tion of the block, the whole block moves. When you pour a portion 
of the water into the cubical vessel, the whole does not necessarily go. 
Why is this ? Why is it that we can dip a cupful of water out of a 
pailful, without raising the whole? Pour all the water into the goblet. 
The water adapts itself to the shape of the goblet, and the vessel is 
filled. • Attempt to place the block of wood in the goblet. What dif- 
ference in phenomena do you observe ? Why this difference ? Pour 
the sand from vessel to vessel. It adapts itself to the shape of each 
vessel. Why ? Drop the block of wood on a table. Pour water on the 
table. How does a liquid behave when there is no vessel to confine it ? 

Experiment 2. Throw small particles of sawdust into the goblet of 
water ; you can thus render perceptible any motion of the water in the 
goblet, just as, by throwing blocks of wood on the smooth surface of 
a river, you can discover the motion of the river. Notice the ease 
with which the particles move about, rise, and sink. As they become 
quiet, slightly Jar the vessel, or tap it with the end of a pencil, and 
notice the ease with which disturbance is produced throughout the 
liquid. Now rap the side of the block with a hammer, and observe 
how immovable are the particles of wood. 

Our experiments teach us that the molecules of solids are not 
easily moved out of their places; consequently, solid mxisses 
form sibch a JimUy connected whole that their shape is not easily 
changed^ and a movem£nt of one part caiLses a movement of the 
whole. On the other hand, the molecules of liquids have scarcely 
any fixedness of position^ but easily slip between and around one 
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anofker; oonsequentlj, liqaid bodies easily mold themselves to 
the shape of the vessel that contains them, are poured from ves- 
sel to vessel, and are easily separated into parts. 

But what shall we say of the sand, which, like water, adapts 
itself to the shape of the containing vessel, and can be poured? 
Is sand a liquid? and are powders liquids? No, powders are a 
collection of small lumps of solid matter. When powders are 
poured, lumps of matter roll around one another, as when 
potatoes are poured from basket to basket. When liquids are 
poured, moleculea glide past one another. 

It is not so easy to study the characteristics of gases, because 
we cannot usually see them. But we may be aided by a device 
similar to that employed to make the movement of water visible. 

Experiment 3. Darken a room, and admit, throngh a small crack 
or hole, a beam of direct sunlight. Ton see particles of dust dancing 
in the path of the light ; the motion never ceases. See how easily the 
motion is quickened by gently waving the hand at some distance from 
the beam of light. 

Experiment 4. Fill a glass bottle with a dense smoke, and close the 
mouth with a cork or rubber stopper. Quickly place the bottle beneath 
the receiver of an air-pump, and exhaust the air. The air and smoke 
in the bottle expand, drive out the stopper, and fill the receiver. 

In gasea^ fixedness of position of the molecules is entirely ward- 
ing^ and freedom of motion among themselves is almost perfect. 
They appear to be in a continual state of r&pulsion^ aiid conse- 
quently have a tendency to expand to greater and greater volumes. 
They expand indefinitely, unless confined by pressure, while 
liquids and solids tend to preserve a uniformity of volume. 

Liquids do not rise above what is called their surface, and we 
may have a vessel half full of a liquid ; but ga^es have no defi- 
nite surface, and there is no such thing as a vessel half full of 
gas. On the other hand, if gases are subjected to pressure, their 
volume may be indefinitely diminished ; for instance, the air that 
now fills a quart vessel may be compressed into a pint vessel, 
or even into less space, if sufilcient force is used. The ^^'^- 
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predion of liquids is barely perceptible^ even toAen the pressure 
is very great. 

§ 17. Philosophy of the three states of matter. — We 
conclude fW>m the difficulty which we experience in separating 
the paits of a solid body, that the molecular attractive force in 
solids is very great. From the ease with which we usually 
separate the parts of a body of liquid, we might conclude that 
this force in liquids is very weak. But before arriving at any 
conclusion, it is necessary to consider how the difficulty of sepa- 
ration of the parts of a liquid is to be measured. It is verj- 
easy to tear off a portion of a sheet of tinfoil, but we should not 
surely regard this as an evidence that the molecules of tin have 
but little attraction for each other, for in tearing such a body we 
only apply the force to a comparatively few molecules at a time. 
We can form a just estimate of the strength of molecular attrac- 
tion only by attempting to separate the foil into two portions by 
such means as that the separation ma}' take place no sooner at 
one point than at another. So, too, it is very easy to separate 
a drop of water into two portions, but this is no measure of the 
attractive forces unless we take precautions that we do not apply 
the separating force successive!}^ to different molecules. If we 
succeed in preventing such a successive action, and there are 
certain methods of doing this more or less perfectly, we should 
find the process much more difficult, — more so, indeed, than to 
produce a similar change in many solids.^ 

There is, however, a difference in the molecular action in 
solids and liquids ; such that, in the latter state, the molecular 
forces offer no resistance to a shaping force, while in the former 
state, change of shape can only be brought about by the appli- 
cation of considerable force. 

In a gas, on the contrary, there is little attraction between the 
molecules ; but as they are constantly hitting one another, and 
thereby tending to drive one another apart, it requires an external 
force to keep them together. 

1 The cohesive force of water is at least 132 lbs. per square inch. — Maxwell.. 
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NoTB. In gases, the molecnles are thought to be in motion like gnats 
in the air; in liquids, like men moving through a crowd; in solids, the 
motion of each molecule is like that of a man in a dense crowd where 
it is almost or quite impossible to leave his neighbors, yet he may turn 
around, and have some motion fVom side to side. 

Practically, the condition of any portion of matter depends 
upon its temperatare and pressure. (See p. 160.) Just as at 
ordinary pressures water is a solid, a liquid, or a gas, according 
to its temperiatare, so any substance may be made to assume 
any one of these forms unless a change of temperature occasions 
a chemical change. 

There are certain apparent exceptions to the last statement ; 
for example, charcoal, though it has been vaporized, has never 
been obtained in a liquid state, simply because sufficient press- 
ure has never been used. Ice will change to a vapor, but can- 
not be melted unless the pressure exceeds six grams per square 
centimeter. For a similar reason, iodine and camphor vaporize, 
but do not melt. Alcohol has never been solidified, or frozen.^ 
It has been rendered thick and pasty, — a semi-solid condition, 
— showing that it only requires a little lower temperature than 
any to which it has been exposed, to complete the solidification. 

As regards the temperature at which different substances 
assume the different states, there is great diversity. Oxygen 
and nitrogen gases, or air, — which is a mixture of the two, — 
liquefy and solidify only at extremely low temperatures; and 
then, only when the attractive force is aided by tremendous 
pressure. On the other hand, certain substances, as quartz and 
lime, are liquefied only by the most intense heat generated by an 
electric current. The facts, summed up, are as follows : no one 
of the three states of matter^ solid^ liquid^ or gaseous^ is peculiar 
to any substance; the state that a substance assumes depends 
solely on its temperature and pressure ; so that every solid may be 
regarded as simply matter in a frozen state, every liquid as mat- 
ter in a melted state, and every gas as matter in a state of vapor. 

1 Since thiB Btafcement was written alcohol has been frozen at about —130" C 
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Every liquid has been Bolidified and volatilized, and every gas 
hflB been liquefied and solidified. Air was one of the last of the 
gases to surrender its reputation of being a '^ permanent gas." 
Not till the year 1878 was it reduced to lumps. We may predict 
the fhture of our globe. If its heat increases suflSciently, the 
whole world will become a thin gas. If its heat dimmishes indefi- 
nitely, all earth and air will become a solid mass. 

m. PHENOMENA OF ATTRACTION. 

AoooBDiNG to the circumstances under which attraction acts, 
we have the various phenomena called gravitation^ cohesion^ ad- 
hesion^ capiUarity^ chemism^ and magnetism. Sometimes these 
terms are used as names of the unknown forces that cause the 
phenomena. 

§ IBL Gravitation. — That attraction which is exerted on all 
matter, at all distances, is called gravitation. Gravitation is 
universal, that is, every molecule of matter attracts every other 
molecule of matter in the universe. The whole force with 
which two bodies attract one another is the sum of the attrac- 
tions of their molecules, and depends upon the number of mole- 
cules the two bodies collectively contain, and the mass of each 
molecule. The whole attraction between an apple and the earth 
is equal to the sum of the attractions between every molecule 
in the apple and every molecule in the earth. 

§ 19. Weifirht. — It is scarcely necessary to state, that what 
is understood by the weight of a body is the mutual attraction 
between it and the earth. The term m^asa is equivalent to the 
expression quantity of matter. It follows, then, that weight is 
proportional to mass. Why do we weigh articles of trade, such 
as sugar and tea? 

§ 20. Does the apple attract the earth with as much 
force as the earth attrcu^ts the apple ? — Let us examine this 
question. First assume that the molecules of the apple and the earth 
have equal masses, te,, are homogeneous; then the attraction of any 
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molecule in the apple for any molecule in the earth is equal to the 
attraction of any molecule in the earth for any molecule in the apple. 
That Is, if the earth and the apple consisted each of a single like mole- 
cule, their attraction for each other would be equal. Now suppose 
that the apple contains two and the earth five such molecules. Let 
the force with which one molecule attracts another be represented by n. 
Now, each molecule of the apple attracts the five molecules in the earth 
with a force of 5 n ; the two molecules in the apple would attract the 
earth with a force of 10 n. On the other hand, each molecule of the 
earth attracts the molecules of the apple with a force of 2 n, and the 
five molecules in the earth would attract the apple with a force of 
10 n. It is obvious that the same course of reasoning will apply in 
case the attraction is between two molecules whose masses differ, 
and consequently between all bodies of whatever mass or substance. 
Hence a body of small tnass aUrcicts a body of large mass as strongly 
as the latter attracts the former. 

If the apple attracts the earth as strongly as the earth attracts the 
apple, why does not the earth rise to meet the apple ? Let us examine 
a similar case. Suppose that a man in a boat pulls on a rope attached 
to a ship. His pulling draws the boat to the ship, but the ship does 
not appear to move. But if five hundred men, in as many boats, pulled 
together, the ship would be seen to move. Did the one man produce 
no motion ? If so, then would the five hundred men produce no mo- 
tion, since five hundred times nothing is nothing? Yes, the apple 
moves the earth as surely as the earth moves the apple ; but the apple 
has more to move, and, consequently, it moves the earth a distance as 
many times less than it is moved by the earth, as the quantity of mat- 
ter in the earth is times the quantity of matter in the apple. The re- 
spective distances the two bodies move vary inversely as their masses. 

§ 2L The foroe of gravity varies with the distance 
firoxn the center. — Observations made in various ways show 
that the force of gravity varies over the surface of the earth. It 
can be proved by geometrical methods that a sphere or a spheroid 
acts upon a molecule without it as though all its attractive force 
were concentrated at its center. Now it is found that the nearer 
an object without the earth's surface is to the center of the earth 
Ihe greater is the force of gravity. The polar diameter of the 
•i^arth is about 26 miles less than its equatorial diameter, and, 
consequently, the distance from the center to the surface at the 
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poles is 13 miles less than to the surface at the equator. This 
considerable difference in distance flx>m the center occasions an 
appreciable difference between the weight of a body (having any 
considerable mass) at the equator and at the poles ; and, since 
the distance of the surface fix)m the center constantly increases 
as we go from the poles toward the equator, the weight of all 
objects transported from the poles toward the equator constantlj^ 
diminishes. 

It is obvious that any object raised above the earth's surface, 
as in a balloon, must weigh less than at the surface of the earth. 
But the bights with which we commonly have to deal in our ex- 
periments are so small in comparison with the earth's radius, that 
the differences in weight due to differences in hight at a given 
place can scarcely be detected by most delicate tests. 

The statement that " weight is proportional to mass " (§19) 
must, therefore, be restricted to a comparison of masses at the 
same place and at the same aUitude only. The propriety of 
making a distinction between the terms ma^s and weight is 
now apparent, as the former implies that which does not change 
when a body is transferred from place to place, while the 
latter may change. 

If the earth were of uniform density, bodies carried below its 
surface would lose in weight as the distance below the surface 
increases. At one-fourth the distance to the center there would 
be a loss of one-fourth the weight. At one-half the distance 
the weight would be one-half; and at the center nothing. Is 
weight an essential property of matter ? State certain condi- 
tions on which a body would have no weight. 

The terms up and cUyum are derived from the attraction be- 
tween the earth and terrestrial objects. Dot/on is toward the 
center of the earth, or it is the direction in which a body falls or 
tends to move in consequence of gravitation. Up is the oppo- 
site direction. It is apparent that the up and down of one 
place cannot correspond with the up and down of any other 
place. 
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QUESTIONS. 

I. If an iron pound-weight and a pound of sngar were balanced with 
ordinary scales at the equator, and transported to one of the poles of 
the earth, would they cease to balance each other ? 

8. If the same quantity of sugar be suspended from a spring-balance 
at the pole, will this instrument indicate Just a pound, more or less ? 

S. Imagine yourself at the center of the earth. In what direction 
mast yon tarn your face in order to look up ? 

4. Imagine a person at one of the poles, and another at the equa- 
tor, to be looking down upon you at the center of the earth. Would 
they both look In the same direction ? 

5. Draw a circle to represent the earth, and two lines to represent 
the direction in which the two persons would look. 

6. What is the origin of " water-power " ? 

7. What is the cause of tides ? 

8. Which is more difficult, to ascend or descend a hill, and why ? 

9. The earth has about 81 times as much matter in it as the moon. 
At which body would you weigh more ? 

10. Is there a place between the two bodies at which you would 
weigh nothing ? If so, why ? 

II. How far does the earth's attraction extend ? 

18. Which would you prefer, a pound of gold weighed with a spring- 
balance at the surface of the earth, or a pound weighed 8,000,000"> 
below the surface ? 

§ 22. Gohesion. — That attraction which holds the molecules 
of the same substance tc^ether, so as to form larger bodies, is 
called cohesion. It is the force that prevents our bodies, and 
all bodies, from falling down into a mass of dust. It is that 
force which resists a force tending to break or crush a hody. It 
is greatest in solids, usually less in liquids, and nothing in gases. 
It acts only at insensible distances, and is strictly a molecular 
force. When once the cohesion is overcome, it is difficult to force 
the molecules near enough to one another for this force to become 
effective again. Broken pieces of glass and crockery cannot 
be so nicely readjusted that they wiU hold together. Yet two 
polished surfaces of glass, placed in contact, will cohere quite 
strongly. Or if the glass is heated till it is soft, or in a semi- 
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fluid condition, then, by pressure, the molecules at the two 
surfaces will flow around one another, pack themselves dosel}' 
together, and the two bodies will become firmly united. This 
process is called welding. In this manner iron is welded. 

Cohesive force varies greatly in different substances, according 
to the variation in the nature, form, and arrangement of the 
molecules of which they are composed. These modifications of 
the force of attraction give rise to certain conditions of matter^ 
designated as crystalline, amorphous, hard, flexible, elastic, brit- 
tle, viscous, maUeable, ductile, and tenacious, 

§ 23. Crystalline and amorphous conditions of matter. 
— If our vision could be rendered keen enough to enable us to 
see and examine the molecular structure of different substances, 
to look into their bodies, as we look into the starry heavens, and 
observe the positions, the spaces, and the arrangement of that 
unexplored world, there would undoubtedly be unfolded to us 
wonders and beauties of which we have never dreamed. We 
should probably behold an endless variety of arrangement among 
the molecules. We might learn why it is that the molecule of 
the diamond, of graphite, and of charcoal being the same (i.e., 
the same substance), we get, possibly by different arrangement 
and different behavior of molecular forces, the hard, transparent, 
and brilliant diamond in the one case, the soft, opaque, metallic- 
looking graphite in another, and finally the porous, black, and 
shapeless charcoal. 

Obtain a piece of mica, or Iceland spar, and a piece of chalk, 
and attempt to cut them in two, by applying the knife in differ- 
ent directions. You find that you can easily cleave the mica in 
one direction, and obtain a smooth, shining surface. This is 
called its plane of cleavage. Cut it in any other direction, and 
you get rough and ragged surfaces. The spar may be cleft 
easily and smoothly in three directions. But the chalk may be 
cleft in one direction as well as another, and in no direction can 
a smooth surface be obtained. We learn by these trials that 
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matter may have method in its arrangement, or possess definite 
structure. 

When matter exhibits structure or method in its molecular 
arrangement, it is said to be crysUdline, Examples of crys- 
talline arrangement are mica, .Iceland spai*, and carbon in the 
form of diamond. When its molecular arrangement is method- 
less or structureless, it is said to be amorphous. Examples of 
amorphous matter are chalk, glue, glass, and carbon in the form 
of charcoal. 

Ebcperlment 1. Pulverize 20b of alum, and dissolve in 50<^<™ of hot 
water ; suspend a thread in the solution, and put it away where it can 
quietly and slowly cool. After it has become cold, you* will find 
attached to the thread beautiful transparent bodies of regular shape. 
The process by which matter in solidifying assumes a structural con- 
dition is called crystallization^ and bodies which have acquired regular 
shape by this process are called crystals. Obtain crystals of saltpetre, 
blue vitriol, and potassium bichromate, by dissolving as much as pos- 
sible of these substances in hot water, and allowing the solutions to 
cool, always slowly and quietly. 

Experiment 2. Thoroughly clean a piece of window-glass, and pour 
upon it a hot, concentrated solution (see § 36) of ammonium chloride 
or saltpetre. Allow the liquid to drain off, hold it up to the sunlight, 
and you will see beautifUl crystals rapidly springing into existence, 
spreading and branching like vegetable growth. 

Very interesting illustrations of crystallization are those deli- 
cate lacelike figures which follow the touch of frost on the 
window-pane. Figure 10 represents a few of more than a thou- 
sand forms of snowflakes that have been discovered, resulting 
fh>m a variety of arrangement of the water molecules. 

Nature teems with crystals. Nearly every kind of matter, in 
passing fh)m the liquid state (whether molten or in solution) to the 
solid state, tends to assume symmetrical forms. CrystaUizaJtion 
is the nUe ; amorphism^ the exception. Break open a sugar-loaf, 
and you will find the surface fracture composed of small, shining, 
crystalline surfaces. You can scarcely pick up a stone and break 
it, without finding the same crystalline fracture. Every pier 
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of ice 1b a mftsa of oiystals, so doMly packed bother that the 
individuals ore not distlngniahable. 

S 24. Ohanffo of volume by oiTBtalUsation. — This tend- 
ency of matter to structural arrangement is not only very inter- 
esting, but ver}' important in the arts. It is verj' natural to 



suppose that the new arrangement of molecules, when passing 
iVom the liquid to the solid state, should occasion either an 
increase or diminution in volume. We are not sarprised when 
we find that water, in fVeezing, disregards ttie law of contraction 
by cold, and that the molecules are not foimd so closely packed 
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together, in the new and stractural state, as when under the 
influence of cohesion alone. 

The force exerted b}' the molecules in changing positions is 
SO enormous as to burst the strongest vessels. Hence our ser- 
vice-pipes are burst when water is allowed to freeze in them. 
Huge rocks are dislodged fi*om their resting-places in the native 
quarry on the mountain-side by water getting into the crevices, 
freezing, expanding year after year, and pushing the rocks 
from their support. Cast-iron and many alloys, such as t^^pe- 
metal, expand on solidifying. Such metals may be cast in 
molds, since, in expanding, they fill all the minute cavities of 
the mold. Most metals contract on solidifying. Hence gold, 
silver, and copper coins requu*e to be stamped. Cast-iron, 
when broken, exhibits a crystalline fracture. Wrought-iron, 
when subjected to long-continued jarring, — for instance, the 
axles of car- wheels, and iron cannon, — becomes verj' brittle, 
and, when broken, exhibits a very marked crystalline fracture 
which it would not have shown before long use. It is probable 
that the molecules of iron, when shaken up by the jarring, are 
free to arrange themselves in their peculiar method, and that, in 
this new arrangement, the cohesive force is weakened. 

§ 25. What is the cause of this almost universal ten- 
dency of matter to crystallize ? — We have no absolute 
knowledge of the doings in the molecular world. But we have 
very satisfactory methods of judging. Analogy is the light by 
which we must frequently explore inaccessible space. We de- 
termine the laws that govern large, tangible masses, and from 
these we infer the laws that govern small, intangible bodies, or 
molecules. Let us adopt this method in attempting to unravel 
the mystery before us. 

Experiment 1. Take two cambric needles, and draw each several 
times, from the eye to the point, over the same end of a magnet Now 
suspend each needle by a thread, so that it will be balanced in a hori- 
zontal position. Bring the eye of one near the point of the other. 
When brought near enough, they attract each other. Bring the point 
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of one near the point of the other; they repel one another. Bring the 
eye of one near the eye of the other ; they repel one another. We thus 
discover that the relation of these two needles to one another is such, 
that if unlike ends are brought together they attract one another, but 
if like ends are brought together they repel one another. The opposite 
character which the ends of the needle exhibit is called polarity. 

Now break one of the needles into two pieces, and experiment as 
before. The two pieces exhibit the same polarity that the two unbroken 
needles did. Break them into still smaller pieces, and the smallest 
piece that you can obtain possesses polarity, as certainly as the original 
needle. Imagine the work of division to be continued till the molecule 
is reached. Is it too much to assume that the molecule may possess 
polarity? 

Experiment 2. Next, place a magnet beneath a sheet of paper, and 
sift iron filings over it. The instant they strike the paper they arrange 
themselves in lines around the magnet (see Pig. 162, page 221). Gently 
tap the paper, and they arrange themselves still more definitely. This 
reminds us of the effect of jarring on the car-axle and cannon, where 
molecules, once set in motion, tend to arrange themselves according to 
some guiding principle. Next, lay the magnet on a bed of iron filings 
(see page 214), and then raise it. We find the filings clinging most 
abundantly to the ends, diminishing in number toward the middle. 

We pass readily from these facts to conclusions respecting the mo- 
lecular arrangement in the crystal. Only grant the supposition that the 
molecule is endowed with something similar to polarity, and we can 
picture to ourselves the molecules, like the iron filings, wheeling into 
line in obedience to their polar forces. Crystals are more easily cleft in 
some directions than in others: may not this be accounted for by 
supposing that, like the magnet, the attraction on some sides of the 
molecule is greater than on others ? 

§ 26. Hardness. — Name some metal that you can scratch 
with a finger-nail. See if you can scratch a piece of copper 
with a piece of lead, and vice versa. Get as many specimens as 
possible of the following substances : talc, chalk, glass, quartz, 
iron, silver, lead, copper, rock-salt, and marble. Ascertain 
which of them will scratch glass, and which are scratched by 
glass. What term do we employ in speaking of those substances 
that are easily scratched? To those that are scratched with 
difiSculty? Which is the softest metal that you have tried? 
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The hardest? Which is the softer metal, iron or lead? Which 
is the more dense metal? Does hardness depend upon density? 
What force must be overcome in order to scratch a substance? 
When will one substance scratch another? 

To enable us to express degrees of hardness, the following 
table of reference is generally adopted : — 

M0HB*S SCALE OF HARDNESS. 

1. Talc. 6. Orthoclase (Feldspar;. 

2. Gypsum (or Rock-Salt). 7. Quartz. 

3. Calcite. 8. Topaz. 

4. Fluor-Spar. 9. Corundum. 

5. Apatite. 10. Diamond. 

By comparing a given substance with the substances in the 
table, its d^ree of hardness can be expressed approximately by 
one of the numbers used in the table. If the hardness of a sub- 
stance is indicated by the number 4, what would you understand 
by it? 

§ 27. Flexibility. — Such substances as may be bent, or admit 
of a hinge-like movement among their ^ ^ 

molecules, are called ^o^'&^e. What 
difference have you noticed in differ- 
ent jack-knife blades ? How can 3'ou 
tell a soft blade from a hard blade? 

If you bend a stick, as in Figure 11, it is apparent that the 
molecules on the upper side must be separated from each other 
a little farther than usual, and that they must have slightly 
rolled round one another, while those on the under side must be 
crowded together more closely than usual. On the other hand, 
the molecules in a glass rod have fixed relative positions which' 
will permit very littiie disturbance. 

§2& Blasticity. — Obtain thin strips of the following su> 
stances : rubber, wood, ivory, whalebone, steel, brass, coppe 
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iron, zinc, and lead. Stretch the piece of mbber. What change 
in ita mole<»ilar condition mast occur when it is stretched? 
What molecular rorce causes it to contract when the stretching 
force is removed? Compress Qie rubber. What change of 
roolecolar condition takes place tn compression? What force 
causes it to expand when the pressure is removed? Bend each 
one of the above strips. Note which completely unbends when 
the force is removed. Arrange the names of these substances 
in the order of the rapidity and completeness with which they 
unbend. 

What change takes place among the molecules on the concave 
side of the bent strips? What, among the molecules on the 
convex side? What two forces ai-e concerned in the unbending? 
Twist the cord of a window-tassel. What causes it to untwist? 
The property which matter j}0S8esses of recovering its foiTner 
shape and volume, after having yielded to some force, is called 
elatticity. To what forces is elasticity due? Does all mat- 
ter possess this pro[}erty in the same degree? Does tlie rub- 
ber possess the same ability to unbend, as to contract after 
yi^ ij being stretclied? In what four ways have you 

tested tlie elasticity of substances ? Does a sub- 
stance possess equal [xiwer of recovering its form 
after yielding to each of tliese four methods of 
applying force? Why are pens made of steel? 
What moves the machinery of a watch ? What 
is the cause of the softness of a hair u 
feather-bed ? 



□ sprlng-b&lance used for weighing cou- 
. slsts of a steel spriug woiiud luto a coil. The weight 

^ of the body to be weighed straightens or draws out 

the apriDg. A pointer movlug over a plate whlcli Is 
divided Into equal parts allows bow luucli the sprlug has be«n drawn 
out. But the entire virtue of this apparatus consists in the elasticity 
of the spring, or its power to recover Its original form after being 
drawn out. Give other illustrations of the application of elasticity 
to practical purposes. 
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Any alteration in the form of a body due to the application of 
a force is called a strain^ and the force by which the strain is 
produced is called the atresa, A body which, having experienced 
a strain due to a certain stress, complete recovers its original 
condition when the stress is removed, is said to be perfectly 
elastic. Liquids and gases are perfectly elastic (see § 48) . Solids 
are perfectly elastic up to a certain limit, which varies greatly in 
different substances. If the stress exceeds a certain limit, the 
form of the solid becomes permanently' altered, and the state of 
the body, when the permanent alteration is about to take place, 
is called the limit of perfect elastieUy. In soft or plastic bodies 
this limit is soon reached. What is the result of overloading 
carriage springs? 

§ 29. Brittleness. — Apply sharp blows with a hammer to 
each of the substances whose hai*dness you have tested (§ 26),^ 
and ascertain which are the most easily broken or pulverized. 
Observe that some substances suffer a permanent change in foim 
when subjected to a stress which exceeds their limit of elasticity, 
while othera break before there is any permanent alteration in 
form. The latter ai*e said to be brittle. 

§ 30l Viscosity. — Support in a horizontal position, at one 
of its extremities, a stick of sealing-wax, and suspend from its 
free extremity a small weight, and let it remain in this condition 
several daj'^s, or perhaps 'weeks. At the end of the time the 
stick will be found permanently bent. Had an attempt been 
made to bend the stick quickly, it would have been found quite 
brittle. A body which, subjected to a stress for a considerable 
time, suffers a permanent change in form, is said to be viscous. 
Hardness is not opposed to viscosity. A lump of pitch may be 
quite hard, and yet in the course of time it will flatten itself out 
by its own weight, and flow down hill like a stream of syrup. 
Liquids like molasses and honey are said to be viscous, in dis- 
tinction from limpid liquids like water and alcoboL 
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§3L Malleability and duotilitsr. — Some substanoes pos- 
sess, in the solid state, a certain amount of fluidity ; that is, 
their molecules may be displaced without overcoming their cohe- 
sion. Place a piece of lead on an anvil, and hammer it. It 
spreads out under the hammer into sheets, without being broken, 
though it is evident that the molecules have moved about among 
one another, and assumed entirely different relative positions. 
Heat a piece of soft glass tube in a gas-flame, and, although the 
glass does not become a liquid, it behaves very much like a 
liquid, and can be drawn out into very fine threads. When a 
solid possesses sufficient fluidity to admit of being drawn out 
into threads, it is said to be ductile.^ When it will admit of 
being hammered or rolled into sheets, it is said to be maUeaJble. 

As might be expected, tho8e substances thai are ductile are also mal- 
leable. But the same substance does not usually possess the two 
properties in an equal degree. Platinum is the most ductile metal. It 
can be drawn into wire finer than a spider's thread. It is the seventh 
metal in the rank of malleability. Gold is the most malleable metal. 
It can be hammered into leaves so thin, that it would require 300,000 
to make a book one inch thick. It ranks next to platinum in ductility. 
Iron, at a red heat, is very malleable and ductile. What metals can 
be drawn into wires ? What metals can be rolled or hammered into 
sheets? 

§ 32. Tenacity. — In order that a substance may be ductile, 
it is evident that it must possess a strong cohesive force, so as 
to prevent rupture. The power that matter possesses of resisting 
rupture, by a pulling force, is called tenacity.^ A body may be 
tenacious toitJioiit being ductile^ but it cannot be ductile withoiU 
being tenacioits. It is remarkable that the tenacity of most 
metals is increased by being drawn out into wires. It would 
seem, that, in the new arrangement which the molecules assume, 
the cohesive force is stronger than in the old. Hence cables 
made of iron wire twisted together, so as to form an iron 

1 Ductile, draw-able. * Malleable, as it were n^uUlet-ablt. 

* Tenacity, property of holding. 



rope, are stroi^r than iron chains of equal weight and length, 
and are much used instead of chains, where great Btrength is 
required. 

§33. Adhesion. — Grasp with your finger a piece of gold- 
leaf, and, honest as you may be, it will stick to your fingers ; it 
will not drop off, it cannot be shaken off, and to attempt to pull 
it ofi' is to increase the difficulty. Dust and dirt stick to clothing. 
Thrust your hand into water, and it comes out wet. You can 
climb a pole, because your hands stick to the pole ; but if the 
pole is greased, climbing is not so easy. We could not pick 
anything up, or hold anything in our hands, wei'e it not that 
these things stJck to the hands. 

Every minute's experience teaches ub that not only is there an 
attractive force between molecules of the same kind of matter, 
but there is also an attractive force between molecules of unlike 
matter. That force which causes unlike substances to cling 
together, is called adheavm. Is adhesion a molar or a molecular 
force? How does it differ tram cohesion? Why do not gold 
watebes, and other articles of gold Jewelr}-, appear to stick to 
the fingei-B ? What keeps nails, driven into wood, in their places ? 
What would happen if all adhesion between the dUferent parts 
of the building yon are in should 
be suddenly destroyed P When a 
liquid sticks to a solid, what term 
do we usually employ in describ- 
ing the phenomenon? 

Experiment 1. Suspend a plate 
of glasa, about 8™ square, from one 
arm of a scale-lieani, attacblng the 
threads to the plate with sealing- 
wax. Balance it, and place a dish of water under the glass, so that its 
under surface will Just touch the surface of the water. You may 
now add several granis' weight to the other side of the beam witAont 
destroying tlie balance. Finally, the glass Is apparently pulled aws' 
from tbe water. Bnt on examination you will find it wet, so that y( 
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have really succeeded, not in sepanllng the glaas from the water, bot 
water from water. Then the weight that you were obliged to add does 
not measure the adhesive force between the glass and the water ; it 
merely measures the amount of force necessary to tear the liquid apart. 
The same force was not sufficient to tear the liquid from the solid, 
hence we infer that the adhetion betwun a solid and a li^^wid may be 
greater than the cohesion in the liquid 

Glass is wet by water, but is not wet by mercury. Is there 
no adhesion between mercury and glass? 

Experiment 2. Substitute mercury for water in the h&st experi- 
ment. As soon as the glass touches the mercury a slight adhesion 
occurs, which can be measured by the weight required to be placed in 
the opposite scale-pan in order to separate them. 

It is probable that there ia some adhesion between all substances 
when brought in contact. If a liquid adheres to a solid more 
firmly than the m^olecules of the liquid cohere^ then wiU the solid 
be wet by the liquid. K a solid is not wet by a liquid, it is not 
because adhesion is wanting, bat because cohesion in the liquid 
is stronger. That gases adhere to solids is proved by the 
phenomena of absorption described in § 37. 

QUESTIONS. 

1. Why will not water wet articles that have been greased ? 

8. Why is it difficult to lift a board out of water ? 

8. Why does water run down the side of a tumbler when it is 
Inclined, instead of falling vertically ? Suggest some method of pre- 
venting it. 

4. In what does the valtie of cement, glue, and mucilage consist ? 

5. What enables you to leave a mark with a pencil or crayon ? 

§ 34. Capillarity. — Examine the surface of water in a goblet. 
You find the surface level, as in A (Fig. 14), except around the 
edge next the glass, where the water is curved upward so as 
to resemble the interior surface of a watch crystal. Mercury 
placed in a goblet (B) has its edge turned downward, resembling 
the exterior surface of a watch crystal. This seems to indicate 
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a repulsion between mercury and glass. But a previous experi- 
ment (page 34) has shown that, instead of repulsion, thei*e is a 
slight adhesion between 

Fig. 14. 

these substances. *" 

Pour any liquid on a 
level surface which it 
does not wet, — €. g.^ 
water on paraffine or 
wax, or mercury on 
glass. It spreads itself 
over the surface, but the 
edges are everywhere 
rounded or turned down 
like the edges of mercury in a goblet. Surely these rounded 
edges are not caused by the repulsion of the sides of a vessel. 
The edges of all liquids will be turned down unless the adhesion 
between them and the sides of the vessels exceeds the cohesion 
in the liquid. The glass does not cause the turning down of 
the surface of mercury in the goblet, — its tendency is rather to 
prevent it. 

Thrust vertically two plates of glass into water, and gradu- 
ally bring the surfaces near each other. Soon the water rises 
between the plates, and rises higher as the plates are brought 
nearer. Thrust a glass tube of very fine bore into water ; the 
attraction within it, on all sides, will raise the water to twice the 
hight it would reach when between two plates whose distance 
apart is equal to the diameter of the bore of the tube. Thrust 
a tube of the same bore into alcohol ; this liquid rises in the 
tube, but not so high as water. The surfaces of both the 
water and the alcohol are concave. If the tube is placed 
in mercury, the opposite phenomena occur: the mercury is 
depressed, and its surface is convex.^ Both ascension and 

^ The scope of this book will not admit of an explanation of the phenomena of 
capillarity. The student can And a lucid treatment of this subject in Maxwell's "Theory 
of Heat," pp. 260-274; also under " Capillary action," EncyclopsBdia Britannica. 
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depression diminifih as tbe temperature iDCreases, being greatest 
at the freezing point of the given liquid, and least at ita boiling 
point. (Bearding heat as a repellent force, can you give any 
reason why the ascensioD should be less at high than at low 
temperatures?) laasniuch as the phenomena ore best shown 
in tubes having bores of the size of hairs, they are in such 
cases called capillary^ phenomena, and the tubes are called 
eapHlary tvbes. 
The phenomena of capillar}- action are well shown by placing 
Fii.it. various liquids in U-shaped glass 

tubes, having one sno reduced to a 
capillary size, as A and B in Figure 
15. Mercury poured into A assumes 
convex surfaces in both arms, but 
does not rise so high in the small 
arm as it stands in the large arm. 
Pour water into B, and all the phe- 
nomena are reversed. C is a glass 
tube containing water and mercury, 
and showing the shapes that the surfaces of the two liquids take. 
Generalizing the above facts, we have the four lawa of capil- 
lary action : — 
I. Liquids rise in tvbes taken they wet them, and are d^eaaed 

when they do not. 
U. The ascen^n or tfepreasion varies inversely as* the diameter 

of the bore. 
III. The ascension and depression vary with* the nature of the 



IV. The ascension or depression varies inversdy with the tempe- 
rature. 
Illustrations of capillary action are abundant. It feeds the 
bmp-flame with oil. It wets the whole towel, if one end is lefl 
for a time in a basin of wat«i-. It draws water into wood, and 
causes it to swell with a force sufllcient to split rocks, and to 
raise laige weights. How does a little water in a wooden tub 
prevent its falling to pieces? 
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{3Bl Otber xnoleoxilar phenomena. -^ Besides the phe- 
nomena we have jQst stadied, there are a great many others 
depending in part on molecular attraction, but much more on the 
molecular motions, of which we learned in § 5, page 6. Many 
of them are quite familiar and important ; but the explanation, 
even when it can be given, is usually complicated and incom- 
plete. The principal names given these phenomena are aoltUion, 
absorption^ and diffusion. 

§ 36L Solution of solids — depends mainly on molectdar 
attraction. Hold a lump of sugar so that it will just touch the 
surface of water. Soon water is drawn up into the pores of the 
lump by capillary action, and the whole lump, including the 
part not submerged, becomes moist. Next you discover that 
the lump becomes smaller, and slowl}' disappears in the water. 

When a solid becomes diffused through a liquid, it is said tp 
be dissolved. The dissolving liquid is called a solvent^ and the 
resulting liquid is called a solution. A liquid will dissolve a 
solids only when the adhesion between them is greater than the 
cohesion in the solid. A liquid alwaj's dissolves a solid more 
rapidly at first, less rapidly as the adhesion becomes more nearly 
satisfied ; and when it is completely satisfied, or is balanced by 
the cohesion in the solid, the liquid will dissolve no more of the 
solid, and the solution is said to be saiuraied. When a solution 
will take much more of a solid, it is said to be dilute ; and 
concentrated^ when it will take little or no more. 

If the solid be first pulverized, the liquid has more surface on 
which to act, and the solid is dissolved much more rapidly. 
Heat generally weakens cohesion more than it weakens adhesion; 
hence, with few exceptions, hot liquids dissolve solids more 
rapidly and in greater quantities than cold liquids. Boiling 
water dissolves three times as much alum as cold water ; conse- 
quently, when a hot saturated solution of alum is allowed to 
cool, at least, two-thirds of the alum must be restored to the 
solid state (see Exp. 1, page 25), while one-third, or the amount 
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tliftt the cold liquid is oi^Mible of disflolviiig, remains in solution. 
The remaining solution is called the mother4iquor. Lime, and 
a few other substances, are dissolved better in cold water. 
Crystals of such substances are only obtained by gradual evap- 
oration of the solvent. 

Water is the great solvent. When we speak of the solobility of a 
MUbstaoce, water is always understood to be the solvent, unless some 
other liquid Is specified. Why is it fortunate that water Is so good a 
Nolvent? Name substances that water does not dissolve. Of the 
loany substances Insoluble In water, some, as phosphorus, gums, and 
resin, And a solvent In alcohol ; sulphur, in bl-sulphlde of carbon ; lead. 
In mercury; and fkts. In ether or benzine. Would you wash var- 
nished fUmlture with alcohol? How are grease-spots removed firom 
clothing? 

i 37. Absorption of gases by solids — depends mainly mi 
molecular aUracHon^ and is generally superficial. Certain solids 
possess so strong an attraction for gases that the}' not only draw 
the gases into the small cavities or holes within them, but greatly 
condense them there. It should be carefully noted that the 
attraction in this case is generally between the gases and the 
surfaces of cavities, and is hence called superficial^ in dis- 
tinction fVom irUermolecidar attraction, which is the name given 
to the phenomenon when gases are taken into the pores of a 
body. 

Freshly-burned charcoal placed in dry air, may, in a few days, 
have its weight increased one-fiftieth in consequence of the air 
that it absorbs. (Has air weight?) The attraction of charcoal 
for noxious gases is especially great, making it very efficient 
in cleansing the air in hospitals, and in removing noxious 
odors from putrid animal and vegetable matter by absorbing the 
foul gases that are generated. It does not check decay, but 
rather hastens it. A rat, which had been buried in charcoal 
dust, was uncovered at the end of a month ; nothing visible was 
left but the hair and bones, yet no bad odor was perceptible. 
Why do farmers mix muck with manures? 
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§ 3& Absorption of gaaea by liquids — depends on motec- 
tdar attraction and motion, and is iiUermolecular. Water, at a 
temperature of 0° Cen., U enable of condensing in its pores 
six hundred times its ovd balk of ammonia gas. Water thus 
chsrged with this gas is called " wnmonia water." The amount 
of gas that a Ik^d will absorb is increased by pressure. . " Soda 
water" is simply wstw saturated with carbonie-acid gas under 
•Treat pressure i it contiuDS no soda. When the pressure is 
removed, a large part of the gas escapes, caneing efferves- 
cence. 

§39. Free difflwion of liquids — d^ends mainly on mo- 
tion. — Ezperfment 1. Into a test-tube containing 20'™ of water, 
pour ^>ont 2™"of oUve-oil, and sliake. By shying, tbe oil becomes 
divided into small particles, wlilch give tbe water an opaqae, mllkf- 
wtiite appearance, bat it is not separated Into its molecules. After 
Btandiug for a few minutes, the oil almost completely separates from 
the water, and rises to the top. 

Experiment 2. Partlall; all a glass jar (Fig. 16) with wat«r. Then 
mtroduce beneath the water, by means of a long tunnel, a concentrated 
BolutJon of sulphate of copper. The lighter Uqnld 
rests Dpon the heavier, and the line of separation 
between the two liquids Is at flrst distinctly marked. 
But in the course of days or weeks this line will 
gradually become obliterated, the heavier bine liquid 
will gradually rise, and the lighter colorless liquid will 
descend, till they become thoroughly mixed- 
Experiment 3. Take almut 1™° of bisulphide of 
carbon, color It by dropping Into It a smalt particle 
of Iodine, and pour this colored solution Into a test- 
tube nearly flUed with water. The colored liquid, 
being heavier than the water, aiuks directly to the 
bottom, and shows no tendency to mix with the water. But, In the 
course of time, you discover that the colored liquid diminishes In 
quantity, and flnaHy disappears. The peculiar odor of this substance 
which pervades tbe air in the vicinity shows that a considerable por- 
tion has evaporated. But It must have worked Its way gradually 
through the water above it. 
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If, during tli« opentfo)n of diflkulon in tbe last two experi- 
ments, you ezamiDe the licfiiid irith a, microeoope, yoa will not 
l)e able to trace any onirenta ; benoe the motion of liqatda in 
(liffGsion is not in mass, but by molecules, — a kind of int«r- 
nxdecalar motion. We learn that some liquids, even when 
stirred blether, will not remain mixed ; while others, whose 
deuBities are very different, when merely placed in contact with 
each other, alowly mix of themselvea. 

S 40: DifltiBion of liquids through porous partitionB. 
— Osmose. — DialTSls. — Veiy complex. — Bxperimeiit. Cm 
off tbe bottom of a coulcat'«baped bottle ' (or, better, ose a glass tun- 
nel or lainp-chlmney) ; fit to tlie neck of the 
bottle a cork, having a glass tube passing 
through It (Fig. 17). Tie tightly over the bot- 
tom a piece of gold-beater's skin or parch- 
ment paper. Fill the bottle with a concen- 
trated solntiou of sulphate of copper, and 
press tbe cork Into the bottle so that the liquid 
will stand a little way up the tube, say at a. 
Now Huspend the ^paratns In a vessel of 
water, so that the bottom may be covered. 
Id less than an hour It will be found that the 
liquid has risen in the tube, showLng that 
wator must have passed through the septom,^ 
and mixed with the solution. Examine the 
water In the outer vessel, and you will find 
that it Is slightly tinged witii the blue vitriol, 
showing that some of the solution has also 
passed through the septum. But the liquid 
has risen In the tube, showing that more of 
the water than of the solution bax passed 
through the septum. 

When liquids or gases force their way 
through porous septa, and mix with each other, the diffusion is 
called osmose.^ To distinguish the two opposite currents, the 
flow of the liquid or gas towards tliat which increases in volume 

■ Bm AppaDdix, BvoUoii B. ■ 8«ptaiii, partittoH. ' Ohdom, tmpuUt. 
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is called ejidosmoee,^ and the opposite cnrreDt is called estoB- 
moKfi 

It ia found tliat crystallizable substances are the best subjecta 
of (»inose, while those which are iiaually amorphous, such aa 
gelatine and gummy substaDCes, are ver; tittle inclined to 
osmose. Those substances that pass readily through septa 
are called eryataUoida ;^ those that do not are called cc^oida.* 

The principle of unequal diffusibility of liquids through septa 
finds important application in chemical 
and pharmaceutical laboratories. For 
example, from a rod (Fig. 18) is sus- 
pended a glass vessel having a bottom 
of parchment paper. Such a vessel is 
called a dicdyzer. In the dialyzer is 
pkced, for instance, the liquid conteuts 
of tiie stomach or intestines of a dead 
animal, suspected of containing some 
poison, and the vessel is floated in a 
vessel of water. If either arsenic or 
strychnine is present it will separate from 
the albuminous matter in the food, and 

pass through the septum into the water. The process of sep- 
arating mixed liquids by osmose is called dialysis. 



§ 4L Free difftision of gaseB — depends almost wholly on 
molecular motimi. — Eiperiment. inil a test-tube with oxygen gas, 
and thmat tn a lighted apllnter; the splinter bums much more Taplttty 
than In the air. Fill another tube with hydrogen gaa, and keep the 
tube Inverted (for, this gas belug about sixteen times lighter Chan air, 
there wHI be no danger of Its falling out) . Thrust in a lighted splinter ; 
the gas takes flre, and bums witb a pale flame at the mo]fth of the tnbe. 
Next All one tube with oxygen and Qie other with hydrogen gas, and 
place the month of the latter over the month of the former, as In Pig- 
ore Iff. In abonl amlnnte apply a lighted splinter to the month ofeacb 
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tube (let tlie month of each tube be freely open to prevent accident) ; 
a Blight explosion takes place In each instance. It is apparent that 
although the oxygen gas Is sixteen tinies heavier tban the hydrogen, 
some of it has risen into the upper tube, while some of the llght«r 
hydrogen has descended Into the lower tube, and the two gases have 



Many pairs of liquids do not difFlise into each otlier, but every 
gas diffuses into every other gas, and it is impossible to prevent two 
gases from mixing when placed in contact. 
^' (It is thought best to introduce the subject of 

diffusion of liquids and gases in this place, 
though it has little or no connection with the 
subject of adhesion. The explanation of 
diffusion must be deferred to its proper place 
in the chapter on Heat, page 158.) 

In consequence of this universal tendency to 
dllhision, gases will not remain separated, — i.e., 
a lighter resting upon a heavier, as oil rests upon 
I wat«r. This Is of Immense Importance in the 
economy of nature. The largest portion of our 
atmosphere consists of a mixture of oxygen and 
nitrogen gases. There are always present also 
small quantities of other gases, such as carbonic- 
acid gas, ammonia gas, and various other gases. 
which are generated by the decomposition of 
organic matter. These gases, obedient to gravity 
alone, would arrange themselves according to 
their weight. — carbon!c-acid gas at the bottom, 
or next the earth, followed respectively by oxy- 
gen, nitrogen, ammonia, and other gases. Neither animal nor vegetable 
life could exist in this state of things. But, in consequence of thelr 
diffUsiblllty, they are found intimately mixed, and in the same relative 
proportions, whether In the valley or on the highest mountain peak. 

S 42. Diffiision of saseB through porous partitionB — 
depends on the size of molecules, sue of pores, and on molecular 
'notion ; very complex. 
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Expertanent. Take a thJo, ODglazed eartiieii cup, sacb M is lued In 
lunsen's batter; (page 190), tad plug op tbe open 
nd with a cork throngh nhich extends a glass 
ibe. F1ac« the exposed end of the tnbe In a cop 
f colored water. Lower a glass jar, filled with 
ydrogen or coal-gas, over the porous cap, as In 
ignre SO. Instantlj aii Is forced down Qiroogh 
le tube, and escapes in bubbles from the colored 
ituld. The gas in the larger vessel forces its way 
iroQgh tbe pores of the cup, difi^es Itself in the 
r contained in It, and canses an unusual pressure 
1 the colored Uqntd, as is evinced by the air that 

forced oat throagh it. In a mlnnte remove tbe 
laaa jar. The hydrogen now escapes throagh the 
des of the cnp, and mixes with tbe air on tlie ont- 
de; a partial vacuum is formed in tiie cup, and 
ater rises in the tube. In both cases air passed 
rough the sides of tbe porous cup, but the Influx 
id efflnx of hydrogen was much more rapid. 

An interesting raodiflcatlon of this apparatus Is the difiuion fotm- 
in (Fig. 21). By passing the glass tnbe of the porons cnp through 
e cork of a tightly-stopped vessel, and hav- 
^ another glass tnbe pass tlirongh another 
rforation In the same cork, water Is forced 
It in a Jet several feet in hlght, when the 
drogen Jar Is held over the porous cup. 
Children well underBtond that toj balloons, 
ilch are made of collodion and filled with 
al-gas, collapse in a few hoars after they are 
lated. This is caused by the escape of the 
s by osmose, Kature famishes an lllustra- 
•n of osmose of gases In respiration. In the 
igs the blood Is separated from tbe air by 
} thin, membranous walls of the veins. 

rbonle-acld gas escapes from the blood through Hiese septa, and 
ygen gas enters the blood through the same septa. 
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IV. DYNAMICS OF FLUIDS. 

§ 43. Equilibrium, pressure, and tension. — That branch 
of science which treats of force and the motions it produces is 
called dynamics. It has been shown that force may act on a 
body to produce motion or rest ; also that two or more forces 
may so act on a body as to neutralize each other's effect. In 
the latter case, the body continues in the same condition, either 
of motion or rest, as if it were independent of the action of the 
forces, and is said to be in equilibrium^^ and the forces acting 
on it are also said to be in equilibrium. Inasmuch as no body 
is ever free from the action of force, it must be that a body at 
rest is in a state of equilibrium. 

If any portion of a force is not effective in producing motion, 
— I.e., if part or all of it is exerted against other forces, — there 
may result what is called a pressure on the body ; as when we 
push on a wall or on a heavy sled moving over the ice, or a 
book presses the table. The same force which causes a body to 
fall when unsupported, causes it to press on any obstacle which 
prevents it from falling. Or, if the force is exerted on a body 
in which the molecular attraction is strong, — i.e., on a solid, — 
we may have a pull or tension^ as when we hang in a swing, or 
hang a stone from a rubber band. If the body under the influ- 
ence of a force maintains a uniform velocity, we may mea.sure 
the force by the pressure {or tension) exerted^ or may mea,sure 
the jfrressure by the amount of the force ^ whichever ma}'^ be more 
convenient. The case of uniform velocity includes the case of rest. 

^ Equilibrium, equal balance. 
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S 44. Freeaore in fluids. — It will be seen that, with tbe 
exception of tlie phenomena of capillarity and those occasioned 
by difference in compressibility and expansibility, liquids and 
gases are governed by the same laws. We sliall, therefore, treat 
them farther, in so far as they are alike, under the common term 
of Jluid. 

It should be borne in mind that we are placed on the borders 
of two oceans. A watery ocean borders our land ; an aerial 
ocean, which is called the atmosphere, surrounds us. Every 
molecule, in both the gaseous and liquid oceans, is drawn to- 
ward the earth's centre by gravity. This gives to both fluids 
a downward pressure upon everjiJiing upon which they rest. 

The gravitating power of liquids is evei-ywhere apparent, as 
in the fall of drops of rain, Ihe descent of mountain streams, 
the power of falling water to propel machinery, and the weight 
of water in a bucket. But to prove the downward pressure of 
tiir requires special experiments. If we lower a pail into a 
well, it fills with water, but we do not perceive that it becomes 
heavier tJiereby ; the downward pressure is not felt. But when 
we raise a p&ilflil out of the water, it suddenly becomes heavy. 
If we could raise a pailful of an* out ^^ ^ 

of the ocean of air, might not the 
weight of the air become perceptible 7 
If we dive to the bottom of a pond 
of water, we do not feel the weight 
of the pond resting upon us. We do 
not feel the weight of the atmospheric 
ocean resting upon us ; but we should 
remember that our situation with ref- 
erence to the air is like that of a 
diver with reference to water. 

BzpwImeBt 1. Fill tno glass jars (Fig. 33) with water. A bsTlng a 
glass bottom, B a bottom provided by tying a piece of sheet-rubber 
tightly over the rim. Invert both In a larger vessel of water, '^ 
Tbe .water In A does not feel the downward i^essBre ol the air dlr 
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above It, tbe preBsare being anetalned bjr the rigid glass bottom. But 
it indlrectlf feela the pressure of the kIt on the Borface of the water In 
the open vessel, and It la this pressure that sustains the nater in tbe 
jar. But the rubber bottom of the ]ar B yields somewhat to the 
downward pressure of the air, and Is forced Inward, until it Is bal- 
anced b; the upward pressare of the water, plus tbe t«nslon of the 
rubber. 

Take a glass tube D, l™ long, having a bore of 1™ diameter. Cov- 
ering one end with a Anger, M with water, and Invert In C. Yon feel 
the weight of the air pressing yonr finger agednst tbe tube. Bemove 
the finger and the water In tbe tube at ouce sinks to the level of the 
water In the vessel C, because the downward pressure of the air on the 
column of water, plus the weight of the column of water, is greater 
than the upward pressure. In every Instance we find that the down- 
ward pressure of air gives rise to an upward pressure in the liquid. In 
this respect fluids dUter widely from soUds, whose molecules are so 
firmly held together that, when one port Is pushed in any direction, 
that part drags the rest with it. 

We have accounted for water being sustained In the vessels A, B, 
and D, by an upward pressure produced by tbe downward pressure of 
tbe idr. Does this downward pressure create an upwanl pressare In 
the air itself, so that, if the vessels are lift«d out of tbe water, tbe 
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r will not fall out? 



Kzperlment 2. Keeping the finger pressed on tbe 
end of D, nOse It slowly and vertically out of the 
water. Tbe water does not fall out. Why? Slip 
a thin glass plate, or a piece of thick pasteboard, 
under tbe month of A, and, pressing It against the 
month, raise tbe vessel carefully out of Gte water, 
and remove tbe band from the plate. The water 
does not fall o'Ut, nor does tbe plate fall. Why? 

Experiment 8. Force a tin pall (Fig. 23), baving 
a hole in Its bottom, as far as possible into water, 
without allowing water to enter at the top. A stream of water spurts 
through the bole. Why? Why does it require so much effbrt to 
force tlie pall down into the water? Does downward pressure cause 
a lateral pressure? 

Experiment 4. Make holes, at dlflbrent depQis, In tbe side of a ves- 
sel (Fig. 21) containing water. Water Issues in streams, with conald- 
erahle force, from the orifices. Why? 

Kxperlment B. Bind a piece of thin sbeet-mbber tightly over ■ 
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vrlde-monOked bottle, and place It in w&ter in different poslttone. Id 

whatever poaltlon the p. 

twttle is placed, the rnb- 

b«r Is pressed Inward. 

What lesson does this 

t«acb? 

Bzperlment 6. The 

Magdeburg hemispheres 

(Fig. 26) are two hemis- 
pherical cups, having 

their edges made smooth 

so as to tie "fdr-tlght" 

when placed In contact. 

Each cup Is provided with a handle. Une of the handles consists of 

two parts, a st«m and a ring, the two parts being connected by a screw. 

The st«m has a boie passing through it, and a stop-cock. 

which regulates the passage of air throngh the bore. 

Place the tips of the cups In contact, remove the ring, 

screw the Blem to the plate of an air-pmnp, and exhaust 

the ait from the sphere ; then close the stop-cock, and 

replace the ring. Now two boys grasping the rings, and 

holding the sphere In any position tliey choose, can onlj 

with great difficulty pull them apart. Why? 

Boys amnse themselves by lifting bricks (Fig. 26} with 
j^ 26. ^ circular piece of leather, moist«ned and 
pressed against the surface of the brick, so as 
to exclude the air. Tiie pressure of air against 
the leather binds It to the brick in wliatever 
position placed. 

We conclude that gravity causes pressure in a body 
ofjtuid in aU directions. 



§ 46. Pressure increases with the depth. — In the ex- 
periment with the vessel with apertures in its side (Fig. 24), 
we And that the deeper the orifice, the grest«r the velocity of 
the stream. And in the experiment with the wide-mouthed 
bottle covered with rubber, we find that, at the same depth, the 
rubber is pressed inward equally in all directions, but, as it is 
carried to greater depths, the pressure is increased. 
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ExpartaiMit. T«k« % glass tube bent In the fonn npreaented b^ a. 
Figure 27 ; pUce mercury in the lower put of the tabe, so as to fill Uie 
short arm, and gradnally lower the tube Into a 
*■ ■ deep vessel of water. The downward pressure 

of the water will force the mercory np the long 
arm to a hlght proportional to the depth of tlie 
tube In the water. 

$ 46l Preeeure at any i>oint in a fluid 
equal in all direotionB. — KxperiiBeiitl. In- 
troduce another tube, containing mercury, iif the 
form represented by b, Figure 27; lower both tubes 
80 that the orifices In the water sball be at the 
same level, and It will be found that the downward 
preasore In a and the lateral pressure In b will force the mercuiy to the 
name level, cd. 

Experiment 2> Cover one end of a lamp-chimney (Fig. 3S) with a 

circular piece of leather, and suspend from the hand by 

^^^- means of a string attached to the center of the leather 

^^^^^^H and passing through the chlnmey. Hold Uie leather 

^^^^VH flnnly against the bottom of the chimney, and lower the 

^^T covered end a little way Into a vessel of water. Yon 

^^ ^^ may now drop the string, and the upward pressure of 

JHp the water will keep the leather in place. Pour water 

r-V^""' slowly Into the chimney, and, when the water In tlie 
'^^^ chimney nearly reaches the level of the water outside, 
^^H the leather will fall. The upward pressure of the water 
^1^1 in the vessel against tbe leather is just balanced by the 
downward pressure of the water In the chimney and the 
weight of the leather. Why does not a pailful of water in a well seem 
heavy ? 

The results of experimente thus far show that, at every point 
in a body ofjluid, gravity causes pressure to be exerted equally in 
all directions, and that in liquids the pressure increases as the 
ilepth increases. 

Have ^e any means of ascertaining the pressure at any point 
in the atmosphere ? 

Bxperlment 3. Prepare a U-shaped glass tube closed at one end 
(Fig. 29), 80™ in bight from the center of the bend, and with a bore of 
14™ section. Fill the closed arm with mercury and Invert... The mer- 
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irj In the closed arm will sink ■bout 3™ to A, and will rise 2™ in tbe 
len &nn to C ; but the anrface A Is 7G°-> bigber tban the surface C. 
Iiis can be accounted for only bj the titmos- 
lerlc pressure. The calomn of mercury B A, 
Dtatning 76°™, Is an exact eonnterpoise for a 
lanm of ajr of the aame diameter extending 
im C to the npper limit of the atmospheric 
ean, — an unknown hjght- 

The we^ht of the 7G*™ of mercury id the 

himn BA ie 10S3.S* exactly, but, for 

DvenieDce, may be said to be about 1^. 

;Dce the weight of a column of air of 

" section, extendiDg fhim the surface of 

; sea to the upper limit of the atmosphere, 
is about 1^. But 
gravity causes 
equal pressure 
in all direcdons. 
Hence, at the 
level of the sea, 

all bodies are pressed upon in aU 
directions by the atmosphere, with a 
force of about 1* per square cetUi- 
■meter, about 15 pounds {exactly 14.7 
lbs.) per square inch, or about one 
ton per square foot. Fluid pressure 
is generally expressed iu atmos- 
pheres. An atmosphere (when the 
term is used to denote pressure) is 
the pressure of 1" per square centi- 
meter. 

A nuu of average size sustains an ei- 
al pressure of about fifteen t«nB. If the area of the bottom of an 
ipty " pall is one square foot, tbe downward pressure on its bottom 
little more than one ton ; how can any person carry such a pall? 
whj is ltd bottom not forced oat? 
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i 47. B&rometer. — Figure 90 reprcBentB another form of ap- 
paratus, wbicli is mcweconnnoalymBd foraaceitainiiigatinospherii; 
pressure. It consists of a atraigbt tube about 85'" long, closed at 
one end, am) Oiled with niereur;. When this tube is inverted, the 
p, „ open end having 

been covered with a 
finger and plunged 
iuto an open cup of 
mercury, and the 
fi uger withdrawn , 
the mercury in the 
tube will sink till 
it balances the at- 
mospheric press- 
ure. This experi- 
ment was devised 
by Torricelli, an 
Italian. The ap- 
paratus is called a 
barometer.^ The 
empty space above 
tlie mercury iu the 
tubeis called a 7br- 
ricellian vacuum. 
The history of this 
experiment is very 
interesting and im- 
portant, inasmuch 
as it was the first 
demon Btration of 
the pressure of the 
atmosphere. (See 
Whewell's History of Inductive Sciences, Vol. I., p^;e S45.) 
The hight of the barometric column is subject to fluctuations ; 
> Barometer, iM^U 
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this shows that the atmospheric pressure is subject to variations 
from various causes. The barometer is always a faithful moni- 
tor of all changes in atmospheric pressure. It is also service- 
able as a weather indicator. Not that any particular poinl at 
which mercury may stand foretells any particular kind of 
weather, but any siidden chcM^ m the barometer indicates a 
change in the weather. A rapid fall of mercury generally fore- 
bodes a storm, while a rising column indicates clearing weather. 

If the barometer is carried up a mountain, it is found that the 
mercury constantly falls as the ascent increases. This shows 
that the pressure is greater near the bottom of the aerial ocean 
than near its top. It is found that the pressure increases very 
rapidly near the bottom, as may be understood by studying 
Figure 31. The shading shows the variation in density of the 
ail*. The figures in the left margin show the hight of the atmos- 
phere, in miles ; those on the right the corresponding hight of 
the mercury, in inches. The average hight of the mercurial 
column, at the level of the sea, is about 76^ (30 inches) . 

It will be seen that the density at a hight of 3 miles is but 
little more than i the density at the sea-level ; at 6 miles, \ ; at 
9 miles, \; at 15 miles, ^ ; at 35 miles it is calculated to be 
only -gjs^jpfj so that the greatest part of the atmosphere must be 
witiiin that distance of the surface of the earth. On the other 
hand, if an opening could be made in the earth, 35 miles in 
depth below the sea-level, it is calculated that the density of the 
air at the bottom would be 1,000 times greater than at the sea 
level, so that water would float in it. Air has been compressed 
to this density. 

To what hight the atmosphere extends is unknown. It is 
variously estimated at fh)m 50 to 200 miles. If the aerial ocean 
were of uniform density, and of the same density that it is at 
the sea-level, its depth would be a little short of five miles. 
Certain peaks of the Himalayas would rise above it. It may be 
readily seen that hights of mountains may be measured approxi- 
mately by the aid of a barometer. 
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QUESTIONa. 

1. A person on the top of Mt. Blanc would take In what portion of 
the air, on expanding his lungs to a certain extent, that he would at 
the bottom ? 

S. How would this alfect breathing, considering that a person re- 
quires a definite amount of air in a given time, in order to sustain 
life? 

S. A person ascending 6 miles in a balloon leaves what proportional 
part of the whole mass of air below him ? 

4. When the barometric column stands at i92»», what is the atmos- 
pheric pressure in grams per square centimeter ? 

5. A barometer carried into a mine stands at 982™" ; what is the 
atmospheric pressure in the mine ? 

§ 4a Oompressibility and expansibility of gases. — The 
increase of pressure attending the increase in depth, in both 
liquids and gases, is readily explained by the fact that the lower 
layers of fluids sustain the weight of all the layers above. Con- 
sequently, if the body of fluid is of uniform density, as is very 
nearly the case in liquids, the pressure will increase in nearly 
the same ratio as the depth increases. But the aerial ocean is 
far from being of uniform density, in consequence of the extreme 
compressibility of gaseous matter. The contrast between water 
and air, in this respect, may be seen in the fact that water, sub- 
jected to a pressure of one atmosphere, contracts .0000457 of 
its volume ; under the same circumstances, air contracts one- 
half. . For most practical purposes, we may regard the density 
of water at all depths as uniform, while it is far otherwise in 
lai^e masses of gases. 

The pressure at different depths in liquids may be illustrated 
by piling several bricks one on another, when the pressures that 
different bricks sustain vary directly with their depths below 
the upper surface of the pile. On the other hand, pressure of 
gases at different depths may be illustrated by piling fleeces of 
wool one on another. Since the volume of each successive 
fleece varies with the weight it bears, the pressures which differ- 
ent fleeces sustain are not proportional to their respective depths 
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below the upper snrfiuie of tbe pile. At twice the depth, 
there wotild be mneh more than twice the pressure, becanse 
the lower point would eustun more than twice the number of 
fleeces. 

Closely allied to compreesibilit; is the elasticity of gasee, or 
their power to recover their former volume after compression. 
The elasticity of aUjlvida is perfect. By this is meant, that the 
force exerted in expansion is always equal to the force n&ed in 
compression ; and that, however much a fluid is compressed, it 
will always completely regain its fbrmer bulk when the pressure 
is removed. Liquids are perfectly elastic; but, inasmuch as 
they are perceptibly compressed only under tremendous pres- 
sure, they are r^arded as practically incompressible, and so it ia 
rarely necessary to consider their elasticity. It has already been 
stated (page 17) that matter in a gaseous state expands indefi* 
nitely, unless restrained by external force. The atmosphere is 
confined to the earth by the force of gravity. 

Experiment. Fartiallj' fill an indla-mbber ballooD with air, and 
tJgMlj close it. What Is the external force that prevents the air to the 
ballooD from expanding and completely in- 
flatlDg the balloon? Place it under the glass 
receiver of an air-pomp (Fig. 32), and es- 
haast the air; the balloon becomes com- 
pleteIydietended,andposBiblybnr8ta. Before 
it Is placed under the receiver, the lutloon 
aostalns a pressure of IS 
ponnds on every square 
Inch. What prevents a col- 
lapse under this pressure? 
Inasmuch as the tMlloon 
shows no signs of disten- 
tion, or collapse, until 

placed under the receiver. It would seem that this 
great outward pressure is exactly balanced by the 
tension of the sir within. 

Glass-blowers prepare thin glass bottles (Ftg. f' 
tat the purpose of illustrating tlie tension of air. Containing air 
ordinary densi^, they are sealed and placed under tiie lecelrer o. 
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lUr-pnmp; the smTomuUng air (In other words, '.he oatslde preasum) is 
removed, and the enclosed atr then bursts the bottles, thiovrlug frag- 
ments of glaeB in all directions. 

At every point, then, in a Ijody of air, forces are acting out- 
wards. Tlie air is somewhat like a spring ooiled up, and ready 
to relax itself, when opportunity is g^ven. Since this elastic 
force at the ttottom of the column exactly balances the force of 
gravity acting on the whole column, i.e. , equals the weight of the 
whole column, it follows that, at the sea-level, the ekutic Jbree 
of air is ordinai-Uy 1" per square centimeter. 

§ 49. Air-pump. — The air-pump, as its name implies, is 
used to withdraw air ftom a closed vessel. Figure 34 will serve 
to illustrate its oper- 
ation. B is a glass 
receiver fl-om which 
air istobe exhausted. 
B is a hollow cylin- 
der of brass, called 
the pump-barrel. A 
plug P, called a pis- 
ton, is fitted to the 
interior of the barrel, 
and can be moved 
up and down by the 
handle H ; » and t 
are valves; A valve 
acts on the principle 
of a door intended to open or close a passage. If you walk 
against a door on one side, it opens and allows you to pass ; but 
if you walk against It on the other side, it doses the pass^e, 
and stops your prepress. Suppose the piston to be iu the act 
of descending. The compression of the air in B closes tlie valve 
(, and opens the valve s, and the enclosed air escapes. After 
the piston reaches the. bottom of the barrel, it b^jins its aaoent ; 
when the air above the piston, in attempting to rash down 
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to fill the vacuum that is formed between the bottom of the 
barrel and the piston, closes the valve 8. But as soon as a 
vacuum is formed above t^ and the downward pressure on the 
valve removed, the air in B expands, opens the valve t, and fills 
the space in B that would otherwise be a vacuum. But, as the 
air in R expands, it becomes rarefied ; and, as there is less air, 
so there is less tension. The external pressure of the air on R, 
being no longer balanced by the tension of the air within, presses 
the receiver firmly upon the plate L. Each repetition of a 
double stroke of the piston removes a portion of the air remain- 
ing in R. The air is removed from R by its own expansion. 
However far the process of exhaustion may be carried, the 
receiver will always be filled with air, although it may be exceed- 
ingly rarefied. The operation of exhaustion is practically ended 
when the tension of the air in R becomes too feeble to lift the 
valve ^ 

D is another receiver, opening into the tube T, that connects 
the receiver with the barrel. Inside the receiver is placed a 
barometer. It is apparent that air is exhausted from D as well 
as f^om R ; and, as the pressure is removed from the surface of 
the mercury in the cup, the barometric column falls; so that 
the barometer serves as a gauge to indicate the approximation 
to a vacuum. For instance, when the mercury has fallen 380™° 
(15 inches), one-half of the air has been removed. 

QUESTIONS. 

1. Why is it difficult for a person to lift the receiver from the pump 
after the air is exhausted from it ? 

9. Why is it easily raised before the air is exhausted ? 

5. Suppose that the air in the pmnp-barrel, when the piston is raised, 
is one-eighth of aU the air in the pump, including the air in the receiv- 
ers ; what portion of the air is removed by the first double stroke ? 

4. What portion of the original amount of air is removed at the 
second double stroke? 

6. Which double stroke removes the most air ? 

6. If there were no force required to lift the valve tj why could not 
a perfect vacuum be obtained ? 



7. It to ft very good pnmp Uut rednces the hlght of the inen:iiri«l 
colDmn to 8*». What portton of the «lr hM been removed In tlut 
CMef 

An abtolute vacuum has never been attained. The difflcnltj 
may be readily understood. Acoording to the nxwt recent cal- 
culatdonBjtbeDumber of molecules' 
GontEuned in a cubic centimeter 
of air of ordinaiy density is some- 
thing like 21,000,000,000,000,- 
000,000 (twenty-one million tril- 
lion) ; consequently, when it is 
reduced to one-millionUi its us- 
ual density, 21,000,000,000,000 
(twenty-one billion) molecales 
are still left. The exhaustioQ 
may be carried much farther than 
by purely mechanical means, by 
heating a piece of charcoal in 
the receiver while the pumping is 
going on. Heat expels the tur 
in its pores. After tiie pumping 
has ceased, the charcoal ia al- 
lowed to cool, when it condenses 
a lai^e portion of the remaining 
air in its pores. (See g 37, page 
38.) 
A very cheap and efficient sub- 
stitute for an air-pump for many purposes may be arranged as 
in Figure 35, in which a ia an elevated tank of water having a 
faucet 6 by which the rapidity of the flow of water may be r^u- 
lated. The tube c should be as long as the hight of the room 
will admit, and its lower end should dip into a cup of water d. 
To the end of the branch-pipe e Ijiere may be connected, by 
means of rubber tubing h, a glass tube leading to a vessel g, from 
which air is to be exhausted. Water falling freely through a 
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vertical tnbe exerts do lateral pressure ; consequently there is 
no tendency to enter the branch «. As the water in fiiUing 
increases in velocity, it tends to separate, leaving between the 
cylinders of water vacuous spaces. The lower end of the pipe c 
being immersed in water, mt cannot enter there ; 
but the air in the receiver g expands and rushes 
through the tube e, to fill these vacua, and Ihns 
exhaustion is eflbcted. Id Sprenget's au'-pump 
mercuT)- is substituted for water, and air is reduced 
by it to less than one-millionth its usual density. 

experiment 1. Take a gUsa tube (Tig. S6), baring 
a bulb blown at one end. Nearly Oil It with wat«r, BO 
that when Inverted there will be onlj a babble of air in 
the bnlb. Insert tbe open end In a glass of water, place nnder a 
receiver, and exhaost. Nearly aU tbe water will leave the balb and 
tnbe. Why? What will happen when sir la admitted to the receiver? 

Experiment 2. Through a cork of a tightly-stopped bottle pass one 
ann of a U-shaped glass tube C (Fig. 37). 
Introduce the other arm Into the empty 
vessel B. Place the whole under a glass 
receiver, and exhaust the air. What phe- 
nomena will occur? What will happen 
when air Is admitted to the receiver? 

§ 50. Mariotte's Law. — The 
experiment illustrated by Figure 32 
showed that the volume of a given 
body of gas depends upon the pres- 
sure to which it is subjected. To 

Und more exactly the relation between these quantities, proceed 
as follows : — ■ 



1. Take a bent glass tube (Fig. 88), the short arm 
being closed, and the long arm, which should be at least SS^™ long, 
being open at the top. Pour mercury into the tube till the surfaces In 
Uie two arms stand at zero. Now the surface la the lung arm supports 
the weight of an atmosphere. Therefore the tension of the aii en- 
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closed tn the short um, which exacQjr tMhutoes tt, mnst be aboat IS 
pouDda to the aqiure Inch. If ezt pour niercary into the long arm till Ute 
surface In the short arm re«ches 6, or till the volame of ^ enclosed Is 
reduced one-half, when It will be found that the hight of the colnnm A C 
^ Is just equal to the hIght of the barometric column 

at the time the experiment Is performed. It now 
appears that the tension of the air in A B balances 
ttie atmospheric pressure, pItM a column of mercury 
AC, which la equal to another atmosphere ; .-. the 
tension of the sir In A B = two atmospheres. But 
the air has been compressed Into half the space it 
formerly occupied, and is, consequently, twice as 
dense. If the lengtb and strength of the tube 
would admit of a column of mercury above the 
surface In the short arm eqaal to twice A C, the 
air would be compressed Into p,_ ^ 

one-third Its original bulk; and, 
inasmncb aa It would balance a 
pressure of three atmospheres, Its 
tension would be Increased three- 
fold. 

Kzpertment 2. Next take a 
glass tube (Fig. 39) open at both 
ends, and abont 24 inches long. 
Tie three strings around the tube, 
— one 3 Inches from the top, 
another 6 inches, and the third 21 
Inches. Nearly fill a gloss jar, B, 
26 Inchea high with mercury. 
Lower the tube Into the mercury 
till it reaches the string at S. 
Press a linger firmly over tlie up- 
per end, and raise the tube UII the 
string at 21 is on a level with the aurface of the mer- 
cury In the Jar. The mercury in the tube will stand at 
G. At first the sir enclosed In the tube between 8 and 
the linger withstands an upward pressure of the mer- 
cury snfficient to susti^n a column of mercury 80 inches high, or one 
atmosphere. When the tube Is raised and the mercury stands at 6, 16 
Inches high, one-half of that npward pressure Is exerted In sustaining 
the 16 inches of mercury, and the other half Is exerted on the enclosed 



air. Bnt the pressare od the air Is rectaccd one-balf , while the volome 
La donbled. The reeoltB of tbu two sets of expertments nuy be taba- 
lated as f oDpwa : — 

PresBure i, }, 1, i, 8, 4, Ac. 

Volume S, 3, 1, }, }, i, Ac. 

Density 1, j, 1, 2, 3, 4, &c 

Elastic force }, j, 1, 2, 3, 4, Ac. 

From these reeults we learn that, at twice the pressure there 
s half the voluoie, wbile the density and elastic force are 
loubled. At half the pressure the volume is doubled, and 
he density and elastic force are reduced one-half. Hence the 
aw : The volume of a body of gaa variea inversely ag (fie pree- 
iure,deti»ily, or elastic force. This is sometimes called Mariotte's, 
Lad sometimes Boyle's, law, from the names of the two men 
vho discovered it at about the same time. This law is true for 
dl gases within certain limits, but under extteme pressure the 
eduction in volume is greater than indicated by it. The greatest 
leviation from it occurs with those gases that are most easily 
iquefled. 

QUESTIONS. 
1. Into the neck of a bottle partly fllled with water (Fig. 40), In- 
sert a cork very tightly, through which passes a glass 
^' ^ tabe nearly to the bottom of the bottle. Blow forci- 

bly Into the bottle. On removing the month, water 
will flow through the tube In a stream. yfhyJ 

». How can an ounce of air. 
In a closed fragile vessel, sus- "^- *'■ 

tain the outside pressure of 
the atmosphere, amonnUng to 
several tons? 

S. What drives the pellets 
from a pop-gun r 

4. Figure 41 represents a 
dropplng-bottle, much used In 
chemical laboratories. Why 
do bubbles of air force their 
way down Into the liquid? 
S. Stop the npper orltlce, and the liquid will qnlckly cease to drop. 
Yhyf 
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9. Tb« iDconvmlence arising, In mutj naUnarj and IsbonUory opet^ 

Ulona, ftom water " bolllog away," may be remedied aa represented Id 

Figure 41. A bottle filled with water la ao aaapended tbat Its moatb 

w^m la ]uat below tbe snrface or the boiling liquid. As 

the water evaporates, and Ita anrface falls below tbe 

month of the bottle, an alr-bnbble ent«re tbe bottle, 

expands, and pnsbes ont enough water to cover once 

more the mouth of the bottle. Why does not the air 

posh out all the water from the bottle T 

7. Figure 48 represents a weight-lifter. Into a 
hollow cylinder « ts fitted air-tight a piston (. The 
cylinder Is connected with an air-pump by a rubber 
tube «. When air la exhausted the piston rises, lift- 
ing the heavy weight attached to It Why? 

■■ If the area of the lower surftce of tbe piston is 
804™, bow heavy a weight ought to be lifted when 
tbe air Is ooe-balf exhansted F 
9. Snpposeyou tightly stopper abottle at tbe top of Mont Blanc, car- 
ry It to the sea-level, 
insert the mouth of 
the bottle in water, 
and withdraw the 
stopper; what would 
happen ? 

10. Show tbat tiie 
labor of working tbe 
kind of air-pump de- 
scribed (S 49) increas- 
es as the exhaustion 
progresses. 

SSL Condenser. 

I — In the ezperi- 

ment with the bottle 

{Fig. 40), air was 

condensed in the 

mouth by mnsouUr 

contraction, and forced into the bottle. An apparatus A (Fig, 

44), intended to condense ^r in a closed vessel, is called a 

coTidenaer. Its constmction is like that of ihe barrel of the 
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sir-pninp, except that the position of the Talves is reversed. 
(Compare with Fig. 34.) What differences do you notice in 
respect to the valves? What happens to fu. w- 

the valves when the piston in the condenser 
is forced down? If the condenser is con- 
nected with a closed vessel B, how much 
air would be forced into it at one down 
stroke? What prevents the air from es- 
caping during an up stroke? If, after air is 
condensed in B, the cylinder C is connected 
with it by a screw, and the stop-cock t is 
suddenly tamed, what would happen to tbe 
bullet » ? What name would you give to such 
an apparatus? 

Tbe Weatem Union Telegraph Company, In 
New York City, employs atmospheric preeeore in 
forwarding messages to Its central office from 
the various telegraph stations In that city. Tubes of nnitbrm slse, free 
from sadden curvatures, and laid under ground, conuect tbe hrancb 

"" '" "" adqnarters. Rolls of paper, or letters to be des- 

epoBlted in a cylindrical box c (Fig. 45), which 
r of the tube. The box being dropped into the 
end of the tube 
fig, tf. at a, and the air 

being exhausted 
from the tube at 
the end 6, by 
means of an air- 
pump worked by 
steam, ^ rushes 
In at a and pushes 
the box through the tube with a force of several pounds for every square 
Inch of the end of the box. The operaUon Is still farther facilitated 
by the aid of a condendlng-pump worked by st«am at the end a. 

§ S2. Freflcmre tranamitted undiminlBhed in all direo- 
tdons. — Fill tbe globe G (Fig. 46), and about cHie^flflb tbe cylin- 
d«rC,witli water. The water in tbe tubes a, &,c, and d, will rise 
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to the same level with the water in the cylinder C. Sow force 
tbe piston P into the cylinder, and the downnard pressure nill 
cause Jets of water to issue from each of the tubes. But the 
streams from the tubes a, b, and c, rise to exactly the same 
hight that the stream from the tube d does, although the liquid 
in the latter tube re- 
ceives the direct ac- 
tion of the downward 
force. It thus appears 
that the pressure is not 
felt alone by that por- 
tion of the liquid that 
lies in the path of the 
force, but is felt equally 
in all parts and in all 
directions. 

If the globe is filled 
with air, and subjected 
to pressure as above, 
currents of air will is- 
sue from the several 
tubes with equal force. 
This property of trans- 
mitting pressure equal- 
ly in all directions, 
which is peculiar to fluids, is due to their viobility and perfect 
elaMicity. 

Figure 47 represents a number of elastic hoops enclosed in 
the vessel A6CD. A weight, placed on a, communicates to 
it a downward pressure. It is evident, that not only is the 
pressure communicated to the hoops below it in succession, and 
finally to the bottom of the box, but there is also a lateral pres- 
sure due to the elastic property of the hoops. The hoop c, 
receiving pressure from b, above, reacts, exerting an upward 
pressure ; it also presses laterally upon the side A, and the hoop 
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R, &tid downward opon d ; d bdcI n in tarn transmit pressure to 
their acyacent hoops, and thus every hoop receives and trans- 
mits, upward, downward, and 
laterallj, a force equal to the 
downward pressure of the weight 
W. Hence that portion of the 
bottom immediately under the 
weight receives no greater pres- 
sure from W than an equal area 
of any other part of the bottom, 
or than an equal area of either 
of the Bides, A and B, or the top 
C. This operation illustrates, 
somewhat imperfectly, the meth- 
od by which elaatie fluids trans- 
mit pressure undiminished in all 
directioDs. 

If we take a quantity of water 
iu a vessel A (Fig. 48), shut 

in by two pistons, a and b, whose areas are respectively 
IQ4(o j^Q^ ^vn^ and place a 10-gram weight on the platform d, 
and an eqnal weight on the platform c, it will be found that- 
tlie latter Is not sufficient to balance the 
former, but that it will require a 40-gram '' **' 

weight placed on c to preserve equilibrium. 
But the area of the piston b is 4""", while 
the piston a contains four such areas ; 
hence it follows tliat a pressure of 10* is 
transmitted to each of the 4''™ of a, and just 
supports the 40^am weight. Had the area 
of the piston 6 been 1"™, then the 10-gram 
wei^t placed on it would require a 1 60-gram 
weight placed on a to balance it ; that is, a pressure of 10* 
would be exerted on every square centimeter of a. 

UbvloDslf this form of apparatus caniiot be made to work well on 
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Moonnt of tlM friction of tlie piBtona ; bat we m»j sabstltata loe 
the platona md welgbta colonuia of llijalda. For InsUace, let the 
connectlDg tnbe And the lower put of the barrela be filled with mer- 
cnrj; the two free anrfftces will be at the same lereL Now If lOc 
of any liquid, e.g. wKter, la poared Into 6, the level of the mercDry 
will be changed ; and, to bring It back to Its original level, 40( of some 
llqnld most be ponred Into a. 

We conclude, therefore, that a preamre exerted on a given 
area of a Jtuid enclosed tn a vesad it trantmitted to every equal 
area of the ittterior of Hie vessel; and that the whole preaattre that 
may be exerted upon the vessel may be increased in proportion aa 
the area of the part sxibjected to extei-nai pressure isdecreaaed, 

§ 53. Hydroatatio bellows. — This principle is well illus- 
trated by means of t^e hydrostatic bellows. Two boards, b and 
c (Fig. 49), each having an area of (aay) 
400*™, are so connected, Bj' leather at- 
tached to their edges, as to form an air- 
tight vessel called the bellows. A glass 
tube o, havii^ a bore of 1*" section, 
commnnicates with the interior of the bel- 
lows. Let water be poured into the tube 
a till the board b is raised a ftw centime* 
ters. The water will stand at the same 
hight in the tube and bellows. Now, if 
60* of water be poured into the tube, it 
will require a weight of 20,000* to be 
placed upon b to prevent its rising. Any 
weight less than that will be raised by 
the 50* of water. If, instead of water being introduced into the 
bellows, a person stand tm b, and blow into the tube, he can 
easily raise himself by the force of his breath. 

§ 5ft. Hydrostatic press. — Closely allied to the bellows is 
the hydrostatic press, sometimes called Brarnah's preaa ftom t^e 
name of the inventor. You see two pistons, t and a, Figure 5f). 
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Tbe ana of the lower aur&oe of ( is (say) one bandred times 
that of tbe lower BOrfoce of a. As tbe piston a is rused and 
depressed, water is pamped up ttom tbe cistern A, forced into 
the cylinder x, and exerts 
an upward pressure 
against the piston t one 
hundred times greater 
than tbe downward pres- 
sure exerted npon ». 
Thus, if a pressare of one 
hundred pounds is applied 
at a, the ootton bales will 
be subjected to a pressure 
of five tons. 

Tbe pressure that may 
be exerted by these press- 
es is enormous. The baud 
of a child can break a 

strong iron bar. But observe that, althongb the pressure ex- 
erted is very great, the upward movement of the piston ( is 
veiy alow. In order that the piston t may rise 1™, tbe piston a 
most descend 100™. The disadvantage arising firom slowness of 
<q>eratioii is little thought of, however, when we consider the 
great advantage accming ttora tbe foct that one man can pro- 
dace as great a pressure with the press as a hundred men can 
exert without it. 

The press is used for compressing ootton, hay, etc., into bales, 
and for extra4Aiag oil ttom seeds. The modem engineer finds 
it a most efficient machine, whenever great weights are to be 
moved through short distances, as in lanncbing the Great East- 
em steamship. 

S SB. PreBBore in flnide due to crravltr. — Having con- 
sidered the transmission to tbe walls of tbe containing vessel, of 
external preasure applied to any portion of a surface of a liquid, 
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we will exunlne the effects of presrare due to the weight or the 
Kqaicb thenuelves. Suppose th&t we have three vessels filled 
with water, A, B, 
""" -| »iidC(i1g.M),of 

equal depth, and 
having bottoms of 
equal areas. It is 
plain ttiat the bot- 
tom of vessel A sus- 
tains ft pressure equal to the weight of the colnmn of water 
tU>cd, or just the weight of the water in the vessel. The pres- 
sure on hj, a portion of the bottom of vessel B, is equal to the 
weight of a column of water ghji. But this pressure is trans- 
mitted undiminiBhed to the surface fh ; consequently, die 
pressure on fk is equal to the weight of a column of water of 
the size of efhff, and the pressure on jl is equal to the weight of 
a column ijlk. Hence the pressure on the whole bottom fl is 
equal to the pressure of a column of water eftk, or the same 
as the pressure on the bottom of vessel A. But the weight of 
the water in B is less than the weight of the wat«r in A. Hence, 
(!) the pressure on the bottom of a vessel may be ffreaterHum the 
weight of the water in the vessel. 

In vessel C, the side mq sustains the downward pressure of 
the body of water mqn; and Ibe side pr sustains the pressure of 
tiie body orp; while the bottom qr snstains only the pressure 
of the column nqTO, which is equal to the pressure on the bot- 
toms of each of the vessels, A and B. Hence, (2) the pressure 
on the bottom of a vessd may be less than the weight of the water 
in the vessel. 

We conclude, therefore, that (3) the pressure on the bottom 
of a veasd d^ends on the depth and area of the bottom and 
the density of the liquid, and is independent of the shape of the 
VMM/ and the quantity of liqvid. — The important fact that the 
pressure on the bottom does not depend on the shape of the 
vessel is oft«Q called the hydrotUitic paradox, becaase, though 
true, it seems at first absuid. 
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EKpcrbnent. The iMt coDcloelon may b« verified with Kppantaa 
like Out represented In Figure 62. Veaaela A, B, and C have dUferent 
d^acitles, but eqnal depths, and the disk d is to serre saccesaivelj 
for the bottom of 
etclL Each vessel, 
when In use, 1b sap- 
ported by the tripod 
t. The disk la sup- 
l>orted and pressed 
up strongly against 
tfie bottom of the 
vessel by means of 
a string pasMng np 
through the vessel, 
and attached to a 
spring-balance. Let 
water be poured in- 
to vessel C, and reg- 
ulate at pleasure the 
amount of down- 
ward pressure nec- 
essary to push the 
bottom off and al- 
low the water to 
esc^e. Note the 
depth of water 
when the bottom is 

forced off, and mark the level of the surface wltii the pointer/. A)ao 
note the pressure indicated by the Index of the balance. Substitute 
vessel A for vessel C. Pour the water canght in the basin p. In the 
last experiment, into vessel A, till it reaches the pointer /, when the 
bottom wUl be forced off at the same depth as before, as shown by the 
pointer, and by the same pressure, as shown by the spring-balance. 
But much less water is required tiian was used with the vessel C. The 
experiment, repeated with vessel B, will give tiie same results with the 
use of a stin less quantity of water. 

(4) 7%e preamtre doe to gravity on any portion of the bottom 
of a vewel it equal to the weight of a column of that liquid whom 
hcue w the area of that portion of the bottom preaaed upon, and 
whote hight is the greatett dqath of the vxUer in the vetael. Thus, 



sappooe the area of hj, of the bottom of vessel B (Pig. 51), is 
100"", and the depth 3A is 9™ ; then the column ghji contains 
900°™. And, since the weight of one cubic centimeter of water 
is one gram, the weight of the column is 900«, which is the 
pressure on the surface hj; and the pressure on each of the 
equal surfaces fh and jl being the same as on hJ, the pressure 
on the entire bottom is 2700*. 

Evidently the lateral pressure at any point of the aide of a 
vessel depends upon the depth of that point; and, as depth 
at different points of a side varies, hence, (5) to find the pres- 
sure upon any portion of a side of a vessel, we find the weight of 
a column of water whose base is the area of that portion of the 
side, and whose hight is the average depth of that portion. Thus, 
we compute the pressure on the side ab of vessel A (Fig. 51), 
by multiplying the area of the side 90^™ (dimensions, 9 x 1 0™) , 
by the depth to the middle point a;, 4^™, and this by the weight 
of 1"™ of water, which gives 405" for the pressure 00 the side 
ab. 

QUESTIONS AND PROBLEMS. 

1. It is apparent that a dam (Fig. 68), to be equally cap&ble of 
resisting pressure In all Its parts, shonid be made thicker towards the 
bottom. How rapldlj should its thickness 
"b- » increase ? 

S. At liigh tide, suppose the flood-gate of 
a dock to be closed, leaving the Burfnce of 
water on the inside and outside of the gate 
at the some level. From which does the gate 
sustt^Q the greater presanre, the water in 
the dock, or the ocean of water outside ? 
Whj? 

S. The interior dlmensiona of the rectan- 
gnlsr vessel (Fig. U) are 26™ in length, 20™ Id width, and 16™ in 
depth. The vessel is fall of water. Compute the total pressure on 
each of the six sides. 

4. Suppose that the plug n (Fig. 64) , the area of whose end is 4*™, 
Is pressed down upon the surface of the water with the force oflOCKi 
what additional pressure will each side of the vessel sustain t 
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5. How great will be tbe whole presenre that each side aiistatDs, 
dae to the weight of the llgoid and the external pressure? 

6. Sappose mercnry, which Is 13.6 times heavier 
than water, to be employed instead of water, what 
wonld be the answers to the three preceding qnes- 

tiOOBt 

7. Into the top of a keg Blled with water, a brass 
tube 10°° long Is Inserted, a traasverse section of 
whose Iwre is iva". The depth of the water In the 
cask is 30'™, and tlie area of the bottom of the cask 

Is 40«™>. (a) Compute tjte pressure on the bottom of the keg. 
(b) Compute the pressnre on the bottom of the cask if the tube Is filled 
with water, (c) What Is the weight of the water In the tube that 
canses this extra pressure? 

S. What croshlng-force on each aide wonld an emptjr cubical box, 
the area of one of whose sides is li", susti^, if lowered 1*" Into the 
sea? 

9. What cmsbing-force on each side would this box sustain from 
the atmosipherlc pressure at the sea-level, if the air were completely 
exhansted therefrom? 

10. Suppose tlie top of the vessel (Fig. 54} to be the weak part of 
the Tesael, not able to sustain more than GO* pressure on 10^°", what 
pressure applied to the ping will burst the vessel? 

§ 56L The earfaod of a liquid at rest ia level. — By }olt- 
iDg a vessel the surface of a liquid in it may be made to assume 
the form seen in Figure 65. Can it retain this fonu ? Take 
two molecules of the liquid at the points a 
and b, on the same horizontal level. The 
downward pressure upon a is the weight of 
a column of molecules ac, and the downward 
pressure upon b is the weight of the column 
bd. Now, since the pressure at a given depth 
is equal in all directions, bd and ac represent 
the lateral pressures at the points 6 and a respectively. But bd 
is greater than ac ; hence, the molecules a and ft, and those lying 
in a straight line between them, are acted upon by two unequal 
forces in opposite directions. There will, therefore, be a move- 
ment of moleoules in the direction of the greater force toward 
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a, tm there is eqnilibriam of forces, which will only occur when 
the points a and b ue equally distant from the aorfoce ; or, in 
other words, there will be no rest till ail points in the mrface are 
on the same lunizorUed level. 

This Act U commonly expressed thus : " Water alwajTS seeks Its 
lowest leveL" In sccordsace with tbls principle, water flows down an 
inclined plane, and will not remain hetq>ed np. An iUostratlon of the 
^ipllcatlon of this principle, on a large scale, is found in the method 
of supplying cities with water. Figure 66 represents a modem aqae- 
dnct, through which water Is conveyed from an elevated pond or river 
a, beneath a river 6, over a hill e, throagh a valley il, to a reservoir e, 
in a city, from which water is distributed by servlce-pipeB to tbeMweU- 



Ings. The pipe Is tapped at difl'erent points, and fountains rise theo- 
reUcally to the level of the water In the pond, but pracUcally not ao 
high, on account of the resistance of the air oad the check which the 
ascending stream receives from the falling drops. Where should the 
pipes be made stronger, on a hill or In a valley? Where will water 
issue from faucets with greater force, In a chamber or in a basementf 
How high may water be drawn from Oia pipe In the house /? 

S S7. Arteaian wells, etc. —In most places, the cmst of the 
earth is composed of distinct layers of earth and rock of various kinds. 
These layers frequently assume concave shapes, so as to resemble cups 
placed one within another. Figure S7 represents a vertical section 
exposing a few of the snrface-layers of the earth's crust : a is a stratum 
of loose sand or gravel; b, a clay-bed; e, a stratum of slate; d, a 
stratum of limestone ; the whole resting on a bed of granite e. If yoa 
hollow out a lump of claj, and pour water into the cavity, you will 
find that the water will percolate through the clay very slowly. Water 
that falls In rsln passes readily through the gravel a, till It reaches the 
clay-bed b. where it collects. Hence a well, sunk to the clay-bed, wlU 
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ID wltli water ■■ high m the witter sUuds above the iHay. Water ilao 
rorkH its mj from elevated places down between the strata of rocks. 
f a bole is bored through de slate e, water will rise above the surface 
f tbe gTODnd In a fonntain, In attempting to reach the level of Ita 
oDTce on the bill; and If bored still lower, through the stratum d, a 
till bigber fountain ma; resnlt. 8tich borings are called ArUtlan 
ellt. Water frequently forces Its way through flssuies In the rockj 
nta to Ute surface, aa at (, and gives rUe to wrings. 



S 58. "Any qoantlty of liquid, however small, may bal- 
ce any quantity of liquid, however lari^," — If you lead 
lipe through a dike by the seashore, and curve it upward, tbe 
ter will rise no higher than the sea-level, even though the pipe 
luld end in a qtiill. 

S^otwithstanding that every-day experience teaches that 
iquids seek a level," it may eeem strange that the large 
intity of water in a teapot is balanced by the small quantity 
be nozzle. Why, for instance, should the liquid in the small 
I B balance the liquid in the large arm A, of the vessel in 
ure 58 ? Imagine the liqaid in A to be divided into columns 
I, c, and d, each equal to tbe column e. It is dear that the 
'nward pressure of any one of the columns a, b, c, d, or e, 

balance the downward pressure of any one of the other 
iniDS, and that there is no reason why e should rise above 

one, (^ all, of the others. 
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$ 5S: Biphon. — A siphon is &n inBtrument used for trans- 
ferriDg a liquid from one vessel to another through the ageacj 
of atmospheric pressure. It consists of a tube of any material 
(rubber is often most convenient) , bent into a shape somewhat 
like an inverted U. To set it in ope- 
ratjon, fill the tube with a liquid, stop 
each end with a finger or coi^, insert 
one end in the liquid to be transferred, 
bring tlie other end below the level of 
the surface of the liquid, remove the 
stoppers, and the liquid will immedi- 
ately flow. Why? The force that 
raises the liquid in the short arm of the 
siphoD A (Fig- 59) is the pressure of 
the atmosphere less the dowoward pressure of a column of water 
dc. The excess tends to carry the water over through the bend. 
On the other hand, the upward pressure at b, tending to carry 
the water back into the vessel, is an atmosphere less the weight 
of a column of water ba. But the fonner excess is greater than 
the latter by the weight of a column eb ; consequently the liquid 
moves in the du^ection of the greater force towards b, with a 
velocity dependent on the distance eb. When the distance efr 
becomes zero, as in B, the flow ceases, and the liquid stands in 
the tube. 

If one of the vessels is raised a little, as in C, the liquid will 
flow from the raised vessel, till the surfaces in the two vessels 
are on the same level. The remaining diagrams in this cut 
represent some of the great variety of uses to which the siphon 
may be pot. D, E, and F are diflferent forms of siphon fountains. 
In D, the siphon tobe is filled by blowing in the tobe /. Explain 
the remainder of the operation. A siphon of the form G- is 
always ready for use. It is only necessary to dip one end into 
the liquid to he transferred. Why does the liquid not fiow out 
of this tube in its present condition F H illustrates the method 
by which a heavy liquid may be removed from beneath a lighter 
liquid. By means of a siphon a liquid may be removed from a 
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vessel in a clear state, without diBturbiog sediment at the bot- 
tom. I is a TatUaiua cup. A liquid will not flow fhim this 
cup tin the top of the bend of the tube is covered. It will then 
continue to flow as long as the eud of the tabe is in the liquid. 
The siphon J may be filled with a liquid that is not safe or 



pleasant to handle, by placing the end j in the liquid, stopping 
the end k, and sucking the air out at the end I till the lower end 
is filled with the liquid. 

Gases heavier than air may be siphoned like liquids. Vessel o 
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contains carfoonio-add gas. Aa the gas ia siphoned into Uie 
Teasel p, it extingaiahes a oandle-flame. Gases lifter than 
air are siphoned by inverting both the vessels and the siphon. 

QUESTIONS. 
1. What Is the greatest bight to which the bend r (hi A, Pig. 59) 

can be carried, and allow water to flow? 

S. What would be the greatest hlght If mercm? were osedF 

S. Suppose the bend r Is 16» above thellqald; what theoretically 

onght to happen when the end b is unstopped ? 

4. What would happen If the long arm were cut off ate? 

5. What would happen if It were cot off between e and a 1 

B. What wonld happen If the siphon were lifted ont of the liquid? 

T. What would be the effect of lengthening the long arm ? 

8. Host the two arms of a alphon be of unequal length? 

9. How far can a liquid be carried by a siphon? 

10. Will a siphoD work in a vacuum ? 

11. iBiagUie that some such condition of tilings as la represented by 
the apparatus K (Fig. 69) exists In the earth, and that the siphon a 
has a smaller bore than the siphon c; can you account for intermittent 
springs which flow and cease to flow at nearly equal Intervals of time? 

. § 60. Apparatus for raisingr liquids. — The siphon can 

only be used for transferring liquids over bights to a lower 
level. Liquids cannot be transferred to a 
higher level by atmospheric pressure alone. Id 
fact, atmospheric presem^ is only a conven- 
ience, and never does work. If the piston a 
of a syringe (Fig. 60) is raised, the air is rare- 
fied below it, and the atmospheric pressure will 
force water up into the sj-ringe ; but to raise 
the piston, against the atmospheric pressare 
tending to force it downward, requires as much 
muscular energy as would be required to raise 

tbe same quantity of water to the same hight as that to which 

it is raised in the syringe. 

The common lifting-pump la constructed like the barrel of 

an air-pump. Figure 61 represents the piston in the act of 
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sing. As the ail is rarefied below it, water risee b; atmos- 

leric preflflnre, and opeiu the lower valve. Tbe weight of the 

ater above tbe piston clomi the npper valve, and 

le water is discfaai^^ from the apout. When the 

ston is pressed down, the lower valve cloaea, 

le upper valve opens, and the water between the 

>ttom of tbe barrel uid the piston passes through 

e upper valve above tlie piston. How high 

■n the bottom of the barrel be above tlie snrTace 

' the liquid, if the liquid to be pumped ia water? 

ow high if it is mercury? 

I The liquid is sometimea said to be 
raised in a lifting-pamp by the " force 
of suctiou." Is there such a force? 
Experiment. Bend a gloss tube lato 
a U sh&pe, wltb aneqnal arms, as in Figure 69. FUl tbe 
tube with a liquid to the level c6. Close the end b wltb 
■ flnger, aod try to Htick tbe 
liquid out of tbe tube. Yon 
And it Impossible. Remove 
e flnger from b, aud yon can aock tbe 
lald ont wltb ease. Wby? 

The piston of a foTce-ptimp (Fig. 
1) has DO valve, but a branch pipe 
ads from the lower part of the bar- 
I to an air-condensing chamber a, 
the bottom of which is a valve c, 
)eDiDg upward. As the piston is 
ised, water is forced up through the 
klve d, while water in a is prevented 

om returning by the valve c. When the piston is forced 
)wn, the valve d closes, the valve c opens, and water is 
Tced into the chamber a, condensing the air above the water. 
he elasticity of the condensed air forces the water out of the 
jse & in a continuous stream. 



V. BUOYANT FORCE OF FLUIDS. 
Bxpcalm«i)t 1. Oraduklly lower a Urge stone, by > afariog tied to 
it, into k bucket of water, and notice that ita weight gradokllj becomes 
lees tUl It la completelj Bubmerged. Slowly ralae It out of the watec, 
and not« the change in weight as It emerges from the water. Soapend 
the atone from a spring balance, weigh it In air and then In water, and 
ascertain Its loss of weight In the latter. Repeat tlie eiperiment with 
pieces of Iron, wood, and other subatances. Inflate a bladder, aad 
force it beneath a surface of water. Fill a thin mbber balloon with 
coal-gas, and It will rise to the top of the room. 

Id all these experiments it seems aa if Bometfaing in the fluid, 
undemeath the articles submerged, were pressing up against 
them. This lifting-force is called the buoyant force of fluids. 
Every body immersed appears to lose part of its weight; 
some bodies appear to lose all their weight. Do bodies really 
lose any portion of their weight when immersed in a liquid? 

Experiment 2. Place a beaker of water on a scale-pan of a balance- 
beam, and weigh. Weigh a stone first In the atr, then In water, and 
p, jj ascertain the apparent loss of weight. 

Then suspend the stone IVom a support 
(Fig. 84), and weigh the beaker of water 
with the atone immersed, and It will be 
found that the beaker and Its contents gain 
in weight precisely as much as the stone 
loses. That la, the vjater tupporta what i» 
not tupported by the string, and no wtight 
is really lost. Repeat the experiment with 
a block of wood. 

Experiment 8. Make a saturated soln- 
tton of Halt In water. Weigh the same 
stone in air, fresh water, and salt water. 
The apparent loss of weight Is greater in salt than in fresh water. 
Throw a piece of Iron into mercury. It floats ou the mercury like 
cork on water. Fill a vessel with carbonlc-acld gas ; blow a soap- 
bubble, and drop It Into the vessel. It will not sink in the vessel, bat 
rolls over the side and fells to the floor. It appears that some fluids 
have greater bnoyant force than others. The water of the Dead Sea, 
in Palestine, la so salt (i.e., so heavy) that a person could not poasibly 
sink in it. 
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g 6L Wh7 a solid is baoTed up by a fluid, and with 
how great a force It is buoyed up. — Suppose dd>a (Fig. 
65) to be a cubical block of marble immersed in a liquid. It is 
obvious tbtit the downward pressure upon 
tfae surface da is equal to the weight of the 
column of liquid edao. The upward prea- 
sare od the surface c& is equal to the 
weight of a column of liquid ec&o. The dif- 
ference between the upward pressure agaiust 
c6 and the downward pressure on da, is the 
weight of a column of liquid echo less the 
weight of a column of liquid edao, which is 
a column of Uquid dc&a (^ecbo — edao = cic&a) . 
But a colunm of liquid dcba has precisely 
the -volume of the solid submeiged. Therefore, a aolid ia buoyed 
np by ajtuid in coneeguence of the uneqvai pressures upon Us lop 
and bottom at their different deptJia, and the amouTit of the buoyancy 
ia the weight of a body of 
tAot fiuid equal in volume 
to the solid immersed. The 
last proposition is gener- 
ally stated as follows : A 
solid loses in weight as 
much as the weight of the 
fluid it displaces. 

Experiment 4. Tbe last 
statement maj be verified 
with apparatus like that 
abowDlnPi^reee. Fill the 
vessel A tlU tbe llqald over- 
flows at E. Alter tbe over- 
flow ceases, place a vessel e 
under tbe nozzle. Snepeud 

a stone from tbe balance-beam B, and weigh it in air, and then 
carefbUr lower It Into the liquid, wben some of tfae liquid will flow 
Into tbe v«Btel e. Tbe vessel c having been weighed when emptj. 
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wol^ It tgaio with Ita Uqntd oontnU, and It wUI be ftmiKl tluit Ita 
lacraue In weight la Just «qtul to the Iom of wd(^ of the atoDe. 

Kxperlment 0. Next saspeDd k block of wood that will float in 
the Uqald, and weigh it In air. Then float It npon the Uqnid, and 
weigh the liquid displaced as before, and it will be found that the 
weight of the liquid dlsplaeed te Juat equal to the weight of the block 
in air. 

Hence, aJbxUing mass ditplaxxt ita own weight of liquid; m 
other words, a floating masa wiU 
sittk tiU it di^acea an equal 
weight of the liquid, or tUl it 
reachea a (feptA where the buot/ant 
force is equal to ita oum weight. 

Bxperimeat 0> Hext, partially 

flU with water a glass (Fig. 67), 

gradnated In cubic centimeters and 

fractions of ttie same. Note the 

level of the water. Drop one of the solids into the water, and DOte 

again the level of the water. The difftirence between the two levels 

la the nnmber of cubic centimeters of water that the solid displaces. 

Bat one cubic centimeter of water weighs one gram. Hence, tA« 

tiwnb«r of rablO eenlitaetere di$placed t» equal to the teeiglU in fframa 

of the water dttplaeed, and thU ia the lota in weight the aolid tuttaina 

inmOer. 

There is an adage that "a pound of feathers weighs more 
than a pound of gold." Is there truth in the statement? 

Kxperlment 7. Instead of feathers, we will employ a hollow globe 
a (Fig. 68) ; In place of the " pound of gold," we will ^^^ ^ 
use a connterpoise b, of any metal whose weight is 
Just equal to the weight of the globe. Then, when 
the globe and counterpoise are suspended from the 
opposite arms of the balance-beam c, the beam will 
be horizontal. Now place the whole on the plate 
of an air-pump, cover with a receiver, and exhaust the 
air. As soon as the ezbaastlon commencea, the globe 
beglna to descend, and at the end of tlie operation the beam is com- 
pletely tilted. Although the globe and counterpoise were both bnoyed 
up by the air, It becomes evident, when this support Is removed, tbat 
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the globe was buoyed ap more than the connterpotee, as we might 
expect from the flict that it displaces more air. 

A pound of feathers displaces more air than a pound of gold, 
and is therefore baoyed up more by the air ; consequently the 
pound of gold, which balances a pound of feathers in the air, 
does not balance them in a vacuum. We learn firom this experi- 
ment that bodies weigh less in air than in a vacuum^ and that 
we never learn the true weight of a body^ eoccept when weighed 
in a vacuum. 

It has been stated (page 51) that the density of the atmosphere is 
greatest at the surface of the earth. A body free to move cannot dis- 
place more than its own weight of a fluid ; therefore a balloon, which is 
a large bag filled with a gas about fourteen times lighter than air at the 
sea-level, will rise till the balloon, plus the weight of the car and cai^o, 
equals the weight of the air displaced. The aeronaut, wishing to 
ascend still higher, throws out a portion of his cargo; wishing to 
descend, he allows some of the gas to escape at the top of the bailoon 
by means of a valve, which he controls by means of a cord passing 
through the balloon to the car. 

QUESTIONS. 

1. Why is it difficult to stand in water reaching the neck ? 

8. Why can a person raise a stone under water, which he cannot 
lift when out of water ? 

8. A piece of cork weighs 508; what weight of water does it dis- 
place when floating ? 

4. What weight of mercury will a piece of iron weighing 500k dis- 
place? 

VI. DENSITY AND SPECIFIC GRAVITY. 

§ 62. Density. — We speak of a piece of cork as being 
heavier than a nail, at the same time that we speak of cork as 
light and iron as heavy. This seeming contradiction is ac- 
counted for by the different meanings which we attach to the 
terms UghJt and heavy. In both cases, light and hea/&y are used 
as terms of comparison. In the former instance, we compare 
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the weights of the two particular bodies, withoat reference to 
yoltune ; in the latter, we call cork light and iron heavy ^ having 
no particular bodies in view, but because we know by experience 
that cork is not so dense as iron ; ».6., a given volume of cork 
contains less matter than an equal volume of iron. The term 
weigJU refers simply to the number of grams, kilograms, etc., 
that a particular body weighs without reference to the material 
or the volume. The density of a body can be stated only by 
expressing (or understanding) two quantities, viz.j mass and 
volume. For example, suppose that a block of wood measures 
2 X 10 X 20^ and has a mass of (i.e., weighs) 300' ; its density is 
then ^^»g^g^ = 11^ = 0.75 gram per cubic centimeter. When 
we speak of cork as lighter than iron, it is evident that we are 
comparing the densities of these two substances. 

§ 63. Specific gravity. — The specific gravity of a substance 
is the ratio of the density of that substance to the density of another 
substance assumed as a standard; in other words, it is the num- 
ber which expresses how many times heavier a certain volume of 
a given substance is than an equal volume of another substance. 

To facilitate comparison of densities, uniform standards are 
adopted. Distilled water at its maximum density, at 4^ C, is 
the standard of specific gravity for all solids and liquids. In- 
asmuch as one cubic centimeter of water weighs one gram, 
when the weight of one cubic centimeter of any substance is given 
in grams, i.e., when its density is given in its usual metric 
units, the same number also expresses its specific gravity. 
Thus one cubic centimeter of water weighs one gram ; hence 1 
is the specific gravity of water. The density of silver is 10.53* 
per cubic centimeter; hence the specific gravity of silver is 
10.53. The standard for gases is air at the average sea- 
level density, and at a temperature of 0° C. The weight of one 
cubic centimeter of air, under these conditions, is 0.0012932*, 
or about j^ of the weight of one cubic centimeter of water. 

Let G ss the specific gravity of a substance ; D &= its density 
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in grams per cubic centimeter ; V = the volume of a given body 
of it in cubic centimeters ; W = the weight of the given body 

in grams ; W = the weight in gi*ams of an equal volume of the 

W 
standard. Then, as shown above, D=:— , and, by definition, 

6 = -— • G is numerically equal to D, and W to V. 

Since the loss of weight of a solid immersed in a liquid is 
just the weight of an equal volume of that liquid, it is evident 
that, if we divide the weight of a solid in air by Us loss in weight 
when immersed in waJter^ tJie quotient wiU he its specific gravity. 

Bxpeiiment 1. Obtaiu small lumps of glass, iron, lead, marble, 
granite, etc., and weigh each in air. Partly fill with water a measur- 
ing-beaker graduated in cubic centimeters, and note the level of the 
water. Drop a lump into the water, and note the level again. The 
rise of water, as indicated by the graduated scale, gives the volume 

(Y) of the specimen. With these data find the density (D), employing 

W 
the formula D = — -. Next weigh each of these lumps submerged in 

water, and find its loss in weight; and, fh>m the data obtained, aseer- 

W 
tain G from the formula G=-^,. Prepare blanks, and tabulate yeiir 

results thus : — 



Name of 
Substance. 


W 

g 


V 

ccm 


D 

orG 


e 


W 

g 


Win 
water. 

s 


W' 
g 


G 
orD 


6 


Av. 


e 


FUnt glass. 


485 


184 


8.24 


.09- 


485 


805 


180 


8.84 

• 


.01+ 


3.29 


.04- 
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When the result obtained differs fW>m that given in tiie table of spe- 
cific gray ities (see Appendix, page 402), the dilTerence is recorded in 
the colomn of errors (e). When the former is greater than the latter, it 
is indicated by a pins sign afl^ed to the number; when less, by the 
minns sign. The xesalts recorded in the column of errors are not nec- 
essarily recU errors ; they ma^ indicate the degree of impurity, or some 
peculiar physical condition, of the specimen tested. 

Experiment 2. Obtain good specimens of cork, oak, elm, and poplar 
woods, all of which float on water. Tie to a specimen a piece of lead 
heavy enough to sink it; immerse the two, thus attached, in & measur- 
ing-glass, and find the number of cubic centimeters of water displaced bgr 
tliem. In the same way find the amount displaced by the lead alone. 
Subtract the amount displaced by the lead from the amount displaced by 
the two, and the remainder will be the amount displaced by the specimen. 

Then, regarding the number of centimeters of water displaced as so 

W 
many grams, apply the formula G= —,. 

Example. Find the specific gravity of a piece of elm wood. At- 
tach to it a piece of lead weighing (say) 40k. 



it 
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The combined solids displace 28.5s of water. 

The lead displaces 8.5g 

The elm displaces 25.08 

The elm weighs in air 20.0« 

The specific gravity of elm wood is . . . 20.0 -r 25 =.8. 

Experiment 8. Find the specific gravity of alcohol, a saturated so- 
lution of common salt, sea-water, naphtha, olive-oil, pure milk, and 
mercury in the following manner : ascertain the loss in weight of a 

sinker in each one of these liquids, also in water, and then apply the 

W 

formula G = =j . Here W and W' represent the loss of weight of the 

sinker in the liquid and water respectively. 

Example. Compute the specific gravity of alcohol A*om the follow 
ing data : — 

A piece of marble weighs in air . . . . 56.80^ 
The same weighs in water 86.80^ 

Loss in water 20.00b 

56.808 
The marble weighs in alcohol 40l96s 

Loss in alcohol 15.84c 
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Since 20> and IS.SU are tbe weights reepoctlTely of eqdol TOltimeB of 
water and alcobol, and since (^^^,, thea ^^= -TS^. the speclflc 
gntrlt; of alcohoL 

§ 64; Hydrometers.— Bxperimeut. Take a onUorm rod of 
light wood abont a toot long, and mark off on It a scale or equal parts. 
A convenient size Is \ Inch eqnare, and a suitable scale Is ng. at. 
iDcheB and half inches. Coat the rod with parsfflne to pre- 
vent Its absorbing water and swelling. Bore Into the end 
marked zero a hole aboat a Inches deep, and drive in bullets 
till the rod wlU sink In water (Fig. 69) Just to some Inch- 
mark, and stop the end with parafllne. If it sinks too deep, 
cat off the upper end of the rod. 

Suppose the rod sinks 8 Inches In water ; then, If it Is } inch 
sqnare, It displaces S en. in. of water. The weight of the 
water displaced mnst Just equal the weight, of the rod (see 
page 7B) . Now Immerse it In alcohol ; it sinks deeper, say to 
the lO-incb mark ; that la, ^ en. In. of alcohol weigh the same 
as } CD. In. of water; therefore, G==;=r^ = .800. If in 
brine It sinks only 6} In., O - J; = 1.20. 

Apparatus like that described la called a hydrometer. In- 
stead of a rod of wood, a gloss tube Is generally used, ter- 
mlnatliig In a bulb containing shot or mercory. The tube 
contains a scale with nnmbers corresponding, which express the specific 
gravity, so that no computation la necessary. Make solutions of 
various substances, and test their specific gravity with your hydrome- 
*er, and teat the accuracy of the reaulta so obtained by other processes. 

The most direct way of finding the specific grarit; of liquids 
and gases is by emplojnng vessels that hold definite weights of 
the two standuds, water or air, and then weighing these vessels 
when filled with other liquids or gases ; and, after deducting the 
weight of the vessel, applying the formula, G = — ■ 

The specific gravity of a solid that is dissolved by water may 
be found by weighing it in a liquid that will not dissolve it 
ie.g., rock-salt in naphtha); and, having found its specific 
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gravity as compared with the liqaid ased, moltiplj this result by 
the specific gravity of the liquid. 

of an irt'egtUar-ahaped body may he found in cubic centimeters by 

dividing its weight in grams by its density. 

W 

Again, fh>m the formula D = — , we have Ws V x D. Hence, 

wJien tlie volume and density of a body are knoum^ its weight in 
gram^ may be found by multiplying its volunne in cubic centime- 
ters by its density. 

QUESTIONS AND PROBLEMS.* 

1. How high can sulphuric acid he raised hy a lifting-pump? 

8. What ts the weight of 60f of water in water? 

8. Find the specific gravity of wax from the following data : weight 
of a given mass of wax in air is 80k; wax and sinker displace 102. 88^^^ 
of water ; sinker alone displaces 14*^^. 

4. Why does a light liquid (e.g,, oil), introduced under a heavier 
liquid (e.g.j water), rise? 

6. Glass is about three times heavier than water ; how, then, can a 
glass tumbler float in water? 

6. How can iron vessels float in water? 

7. A block of ice containing 500^*° is floating on water ; how many 
cubic centimeters are out of water? 

8. Will ice float or sink in alcohol? 

9. How much more matter is there in 500<i<™ of sea-water than in 
the same volume of fresh water? 

10. In 50^ of gold how many cubic centimeters? 

11. What is the density of gold? 
18. Whatis the density of cork? 
18. What is the density of air at ordinary pressure, and at a tempera^ 

ture of 0° C? 

14. An irregular piece of marble loses 53s when weighed in water. 
How many cubic centimeters does it contain? . 

15. When will a body sink, and when float? 

16. How many cubic centimeters of air at the sea-level does it take 
to weigh as much as l^''^ of water? 

i Consult the Tables of Spedflc Gravities, In the Appendix, Beotloa C. ,, 
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17. How much will 1^ of copper weigh in water? 

18. What does a piece of lead 20 X 10 X S^n weigh? 

19. What will it weigh in water? 

90. What will it weigh in mercury? 

91. What becomes of the weight that is lost? 

99. If 15S of salt be dissolved in 1^ of water, without increasing the 
volume of the liquid, what will be the specific gravity of the solu- 
tion? 

98. A mass of lead weighs 1^ in air. What will it weigh in a 
vacuum? 

94. A mass whose weight in air is 30k, weighs in water 26s, and in 
another liquid 27s. What is the specific gravity of the other 
liquid? 

95. A silver spoon, weighing 150s, is supported by a string in water. 
What part of the weight is sustained by the string, and what part is 
supported by the water? 

96. A boat displaces 25<ib™ of water. How much does it weigh? 

97. If 50^ of stone were placed in the boat, how much water would 
it displace? 

98. If the boat is capable of displacing 100<^i>m of water, what weight 
must be placed in it to sink it? 

99. An empty glass globe weighs lOOS; fhll of air it weighs 102.4k ; 
fhll of chlorine gas, it weighs 105.9288. What is the specific gravity 
of chlorine gas? 

80. What weight of alcohol can be put into a vessel whose capacity 
is 11. 

81. You wish to measure out 60b of sulphuric acid. To what num- 
ber on a beaker graduated in cubic centimeters will that corre- 
spond? 

89. State how you would measure out 80b of nitric acid in a measur- 
ing-beaker. 

88. A measuring-beaker contains 85<)<»>^ of naphtha. What is the 
weight of the naphtha? 

84. A lead pipe is carried 20°^ below the surflftce of water in a reser- 
voir. What barsting-force per square centimeter must it be capable of 
sustaining? 

88. A cubical vessel, each of whose sides contains 25004cm, ig fli]e<i 
with water. What pressure does its bottom sustain? One of its sides? 

86. A solid floats at a certain depth in a liquid when the vessel 
which contains it is in the air ; if the vessel is placed in a vacuum, will 
the solid sink, rise, or remain stationary? 
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Vn. MOTION. 

§ 6S. Motion and rest relative terms. — To a person 
riding in a railway car, and confining his attention to objects 
in the car, everything appears to be at rest ; but let him direct 
his attention to objects by the wayside, and at once he discovers 
that all in the car are in notion. Matter may be at rest with 
reference to certain objects, and in motion in regard to others. 
Motion and rest are wholly relative terms^ and inapplicable to an 
object considered apart fVom all others. We cannot locate an 
object except with reference to another object, nor can wc con- 
ceive of change or permanence of position of an object, except 
in relation to some other object. The aeronaut, moving at the 
rate of sixty miles an hour, knows not that he is moving at all, 
till he looks away from his balloon, and sees cities and towns 
passing in panorama beneath him. 

§ 66. All matter is in motion. — There is no such thing as 
absolute rest in the universe. There is no use for the word rest^ ex- 
cept to indicate, with reference to each other, the condition of 
objects that are moving in the same direction and with the 
same velocity. For example, a span of horses drawing a car- 
riage, at the rate of ten miles an hour, are at rest with reference 
to each other and the carriage. The stars, that compose the 
heavenly constellations, maintain punctiliously their i*elative 
positions, while they sweep with prodigious velocities through 
space. The phrase " at rest" can only be used in an extremely 
limited sense, and in common language refers only to the condi- 
tion of an object with reference to that on which it stands, as a 
car, deck of a ship, or surface of the earth. It is only by putting 
entirel}' out of mind the motions of the earth that we can speak 
of any terrestrial object as being at rest. 

Not onl}- is there motion of mass as a whole, or visible me- 
chanical motion, but there is a motion of the molecules within 
the mass, — an invisible molecular motion called lieaJt. We 
cannot see the movements of the molecules of steam, but we 
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know that they exist by tiieir great power, manifested in moving 

machinery. 

• 
§ 67. Velocity. — Uniform and varied motion. — All 

motion takes time ; hence the term velocity^ which refers to the 

space traversed in a unit of time. Motion may be uniform or 

varied: uniform^ when an object traverses successively equal 

spaces in all equal intervals of time; varied^ when unequal 

spaces are traversed in any equal intervals of time. Varied 

motion may be accelerated or retarded : accelerated^ when the 

spaces traversed increase at each successive interval of time ; 

retarded^ when they diminish. The motion of a train of cars, in 

starting from a station is at first accelerated, afterwards tolerably 

uniform, and when the brakes are applied, it becomes retarded. 

Strictly speaking, all motions are varied ; there is no illustration of 

absolutely uniform motion in Nature nor in art, though we may 

conceive of its possibility and have very closely approximated to it. 

The velocity of a body having accelerated or retarded motion can 
be given only at some definite point by an estimate of the distance it 
would traverse in a unit of time, were it to continue in anif orm motion 
at the speed it has at that point. For instance, a railway train passes 
ns, and we estimate that its velocity is 30 miles an hour, although in a 
few minutes its speed may be reduced to 10 miles an hour, and a little 
later it may come to rest. When we assign a velocity of 30 miles an 
hour, we have no thought of whether it will run 30 miles during the 
next hour, or whether it will run an hour; we mean that, should it 
retain its present speed, it will be 30 miles away from us at the end of au 
hour. 

Vm. FIRST LAW OF MOTION. —INERTIA. 

Now, what is it that sets in motion that which was previously 
at rest? We may call it force; but what idea does this term 
convey? Let us question our own experience. We leave an 
apple lying upon a table ; have we not entire confidence that it 
will continue to lie there, unless disturbed by some other body ? 
If on returning we find it gone, are we not sure that it has been 
removed by the action of some body other than itself? An 
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apple falls to the ground, and although the action is one of the 
most mysterious in all nature, yet do we not almost instinctiyely 
trace the cause to some action between the apple and the earth? 
The ball at rest is put in motion by a bat ; but must not the bat 
first be put in motion? And when we find the cause of its mo- 
tion, is it not an antecedent motion in some other object? We 
conclude, then (1), that motion cannot originate in an object 
isolated from all others^ but it always arises from mutual action 
between at least two bodies. 

Again, the bat, having received motion, is capable of impart- 
ing motion to the ball ; but, having set in motion one ball, is it 
equally capable of putting in motion another ball ? Can a mass 
impait motion and retain all its motion ? Is it not like a com- 
mercial transaction, a trade, to which there are two parties, one 
a buyer and the other a seller? that is, are not all transactions 
between the parties (i.e., the mover and the moved) of the na- 
ture of a transfer, which should be entered on the debit side of 
one's account, and the credit side of the other's? We conclude 
(2) that motion in one body is caused only by another body's 
parting with some of its power of producing motion. 

If a sled, on which a child is sitting, is suddenly put in mo- 
tion, the child is left in the place from which the sled started. 
If the child and sled are both in motion, and the sled is sud- 
denly stopped, the child lands some distance ahead. If the 
sled is started slowly, the child partakes of the motion of the 
sled, and is carried along with it; and if the sled gradually 
stops, the child's motion is gradually checked, and it retains its 
place on the sled. This shows (3) that ma^es of moJtXer receive 
motion gradually and surrender it gradually. 

Even very small bodies require time to start and to stop. The sand- 
blast, employed for engraving figures on glass, furnishes a fine illus- 
tration of this fact. A box of fine qnartz-sand is placed in an elevated 
position. A long tube extends vertically down from the bottom of this 
box. The plate of glass to be engraved is covered with a thin layer of 
melted wax. When cool, the design is sketched with a sharp-pointed 
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instrament, in the wax, leaving the glass exposed only where the lines 
are traced. The plate is then placed beneath the orifice of the tube, 
and exposed to a shower of sand. The velocity of the sand-grains is 
not at its maximum at the start, but is constantly accelerated till they 
reach the plate, where their velocity in turn is gradually given up. 
The wax, on account of its yielding nature, gradually brings them to 
rest; but the glass, notwithstanding its hardness, cannot stop them 
quite at its surface ; and, therefore, it suffers a chipping action from 
the sand. Thus the soft wax affords a protection from the action of 
the falliug sand of all parts except those intended to be cut. A still 
greater force is generally given to the sand by steam blown through 
the tube. For this reason the apparatus is called a sand-blast. Hard 
metals like steel are engraved in the same manner. Yet the hand 
may be held in the blast several seconds without injury. (What is the 
difference in the effects of catching a base-ball with hands held rigidly 
extended, and allowing the hands to yield somewhat to the motion of 
the ball?) 

Roll a marble on a carpet, — it soon stops ; roll it on a smooth 
marble floor, — it rolls much farther. On a perfectly smooth sur- 
face it might roll for hoars. If we could provide such a surface, 
and dispense with the resistance of the air, how long would it 
roll? These conditions are impracticable? True. But have 
not the heavenly bodies rolled for millions of years through fric- 
tionless space, unchecked because unimpeded? 

Motion unobstructed is perpetual. Motion undisturbed is in a 
straight line. Along which will a marble roll more nearly in a 
straight line, a smooth or a rough floor? What if the floor were 
perfectly smooth? 

The relations between matter and force are admirably and 
concisely expressed in what are known as Newton's Three Laws 
of Motion. 

§ 68. First Law* of Motion. — A body at rest remains at 
rest, and a body in motion moves with uniform velocity in a 
straight li7ie, unless acted upon by some eostemxil force to change 
its condition. 

That part of the law which pertains to motion is briefly summarized in 
the familiar expression, ** perpetual motion/' *' Is perpetual motion pos- 
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extend the lines (as Caand Cb),U)d on these conatmct a parallelogram, 
from tbe extremities of the line C D regarded as a diagonal. It will 
be fonnd tbat 10 ; number of pounds Indicated by the dynamometer 
x i: CD: Cn ; also that 10 : number of pounds iDdicated by the dyna- 
mometer y::CD:Cb. Again, it Is plain that a single force of 10 
ponnda must act in the direction C D to produce tbe same result tbat is 
produced by the two components. Hence, wft«n turn tidfg of a parallelo- 
gram repreterU the inCengily and direaUm of Ivm component fonxt, the 
diagonal repreientt the retultant. Vary the problem by suspending the 
strings from dlfTerent points, aa E and F, A and F, ete. 

g 72. CompoBition of parallel forces. — If the strings C A 
and CB (Fig. 75) are brought near to each other, as when sus- 
pended ^m B and £, eo tbat the angle formed by them is 
diminished, the component forces, as indicated by the dyna- 
mometers, will decrease, till the two forces become parallel, 
when the sum of Voa components just equals the weight W. 
Hence, (1) two or move foT<x» applied to a body act to tkegreatest 
advantage when they are parailei, and in the same direction, in 
which case tJieir resultant egitais their sum. 

On the other hand,, if the strings are separated from each 
other, BO as to increase the angle formed by them, the forces 
necessary to support the weight increase until they become ex- 
actly opposite each other, when the two forces neutralize each 
other, and none is exerted in an upward direction to support the 
weight. If tbe two strings are attached to opposite sides of the 
weight (the weight being supported by a third string), and 
pulled with equal force, the weight does not move. But if one 
is pulled with a force of 15 pounds, and the other with a force 
of 10 poun 
force ; and 
the side of 
of 5 pound 
Khen^oo 
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second the ball will be found at C. Ita path will not be A B nor 

AD, bnt an intermediate one, 

AC. Still, each force prodncea in 

effect its own separate result, 

for neither aloae would carry it to 

C, but both are required. Hence, 

the 

S €&. Second law of motion. 
— A given force hoe the aame effect 
in producing motion, whether the 

body on which it acta is in motion or at Teat; whether it is aOed 
upon by thai force alone, or by others at the same time. 

S 70. OcmipoBition of forces. — It is evident that a single 
force, applied in the directioa AC (Fig. 71), might produce the 
same result that is produced by the two forces AB and AD. 
Such a force is called a resultant. A resultant ia a aingle force, 
that may be mbstitvied for two or more forces, and produce the 
aame remit that the combined forces prodttce. The several forces • 
that contribute to produce the resultant are called its components. 
When the components are given, and the resultant required, the 
problem is called composition of forces. Tlie resultant of two 
foToea acting at an angle to each other is always a diagonal of a 
parallelogram, of which the components form two adjacent aides. 
'Thus, the lines AD and AB represent respectively the direction 
aud relative intensity of each component, and AC represents 
the direction and intensity of the resultant. 

The numerical value of tJie resultant may be found by com- 
paring the length of the line AC with the length of either AB 
or AD, whose numerical valnes are known. Thus, AC is 2.23 
times AD ; hence, the numerical value of the resultant AC is 
4x2.23 = 8.92. 

When the components act at right angles to each other, as in 
Figure 71, the resultant divides the parallelogram into two equal 
r%ht-angled triuigles ; and the intensity of the resultant may ' 
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eztenrt the lines (as Co and Cb), and on these construct a parallelogram, 
from the extremities of the Uoe C D regarded as a diagonal. It wUl 

be found tbat 10: number of pounds Indicated by the djmamometer 
X :: CD: Ca; also that 10 : number of pounds indicated by the djna- 
mometery :: CD: Cb. Again, it is plain that a single force of 10 
pounds must act in the direction C D to produce the same result that Is 
produced by the two components. Hence, uA«n tmo tides of a parallelo- 
gram repreteaC the inlemily and iirettion of two component /oree$, the 
diagonal repregenta the resultant. Vary the problem by suspending the 
strings from dltTerent points, as E and F, A and F, etc. 

§ 72. Ootnpoeition of parallel foroes. — Ifthestrii^CA 
and CB (Fig. 75) are brought near to each other, &s when sus- 
pended from B and £, so that the angle formed by them U 
diminishGd, the component forces, as indicated by the dyna- 
mometers, will decrease, till the two forces become parallel, 
when the sum of the components just equals the weight W. 
Hence, (1) troo or more forces applied to a body act to thegreate»t 
advatUage when they are parallel, and in the same direction, in 
which case their resultant equals titeir emn. 

On the other hand,, if the strings are separated from each 
other, so as to increase the angle formed by them, the forces 
necessary to support the weight increase until they become ex- 
actly opposite each other, when the two forces neutralize each 
other, and none is exerted in an upward direction to support the 
weight. If the two strings arc attached to opposite sides of the 
weight (the weight being supported by a third string), and 
pulled with equ 
is pulled with a 
of 10 pounds, t 
force ; and if a 
the side of the 
of 5 pounds mi 
when two or mo 
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intenait; and directum of the otiier force? Since AC is the 
reenltant of two forces acting at ao angle to each other (§ 70), 
it is the diagonal of a paral- 
lelogram of wfaidi AB is one 
of the odea. From C, draw 
CD iHuallel and equal to 
BA, and complete the par- 
allelogram by connecting 
the points B and C, and A 

and D. Then, aocordiDg to the principle of composition of 
forces, AD represents the intensity and direction of the force 
which, combined with the force AB, would move the ball from 
A to C. The component AB being given, no other single force 
ttian AD will satisQr the qneetion. 

Had the question been. What forces can produce the motion 
AC? an infinite number of answers might be given. In a like 
manner, if the question were, What numbers added tc^ether 
will produce 50? the answer might be 20 -(- 30, 40 -|- 10, 20 -|- 
20-1-10, and so on, ad infinitum; but if the question were. 
What number added to 30 will produce 50? only one answer 
conid be given. 

E:xperUnent. Verify the preceding propositions in the following 
manner: From pegs A and B 
(Fig. 76), In the frame of a 
blackboard, snspend a known 
weight W, (say) 10 pounds, by 
means of two strings con- 
nected at C. In each of these 
strings Insert dynamometers' 
z and y. Trace npon the black- 
board short lines along the 
strings from the point C, to 
Indicate the direction of the 
two component forces ; sJso 

trace the line CD, In contlnnstion of the line VTC, to Indicate the 
direction and Intensity of the resoltant. Remove the dynamometers, 

■ DptunometeTi/brce-iiuafHrcr. The mcnt common torgi la a spring balance. 
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extend the lines (as Ca and 06) t ftQd on these construct a parallelogram, 
from the extremities of the line CD regarded as a diagonal. It will 
be found that 10: number of pounds indicated by the dynamometer 
X : : CD: Ca; also that 10 : number of pounds indicated by the d3ma- 
mometer y :: C D : C&. Again, it is plain that a single force of 10 
pounds must act in the direction C D to produce the same result that is 
produced by the two components. Hence, when two sides of a parallelo- 
gram represent the intensity and direction of two component forces, tfie 
diagonal represents the resultant. Vary the problem by suspending the 
strings from different points, as £ and F, A and F, etc. 

§ 72. Composition of parallel forces. — If the strings CA 
and CB (Fig. 75) are brought near to each other, as when sus- 
pended fiom B and £, so that the angle formed by them is 
diminished, the component forces, as indicated by the dyna- 
mometers, will decrease, till the two forces become parallel, 
when the sum of the components just equals the weight W. 
Hence, (1) two or more forces applied to a body act to the greatest 
advantage wheti they are parallel, and in the same direction, in 
which case their resultant eqtmls tJieir sum. 

On the other hand,, if the strings are separated from each 
other, so as to increase the angle formed by them, the forces 
necessary to support the weight increase until they become ex- 
actly op]X>site each other, when the two forces neutralize each 
other, and none is exerted in an upward direction to support the 
weight. If the two strings arc attached to opposite sides of the 
weight (the weight being supported by a third string), and 
pulled with equal force, the weight does not move. But if one 
is pulled with a force of 15 pounds, and the other with a force 
of 10 pounds, the weight moves in the direction of the greater 
force ; and if a third dynamometer is attached to the weight, on 
the side of the weaker force, it is found that an additional force 
of 5 pounds must be applied to prevent motion. Hence, (2) 
when two or more forces are applied to a body, they act to greater 
disadvantage the fartfier their directions are removed from one 
another; and tJie resvU of paraUd forces acting in opposite direc- 
tions is motion in the direction of the greater force, proportionate 
to tJieir difference. 



oouPtB. 95 

When parallel forces are not appllecl at the same point, Uie 
qaestion ariaes, What will be the point of application of tbeii' 
resultant? To the opposite extremities of a bar A B apply two 
sets of weights, which 
shall be to each other as 
3 : 1. The resultant is « 
single force, applied at 
some point between A 
and B. To find this 
point it is only necessary 

to find a point where a single force, applied in an opposite 
direction, will prevent ntotioo resolting from the parallel forces ; 
in other words, to find a point where a support may be applied 
so that the whole will be balanced. That point is found by trial 
to be at the point C, which divides the bar into two parts so 
that AC : CB : : 1 : S. Hence, (3) iofc«it tv>0 parallel forces act 
upon a body in the same direction, the distances of their points of 
appticatum fiom the point of applicatioH of their resuZtonl are 
inversdy as their iniensUies. 

The dyDamometer E indicates that a force equal to the sum 
of the two sets of weights is necessary to balance the two forces. 
A force whose efFect is to balance the effects of several compo- 
nents is called an equU^rani. The resultant of the two com- 
ponents is a single force, equal 
to their sum, applied at C in tiie 
direction CD. 

S 73. Couple. — If two equal, 
parallel, and opposite forces are 
applied to opposite extremities of 
a stick AB (Fig. 77), no single 

force can be applied so as to keep the stick from moving ; there 
will be no motion of translation, but simply a rotation around 
its middle point C. Such a pair of forces, equal, parallel, and 
opposite, is called a covple. 
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PROBLEMS, ETC. 

1. A man and a boy, grasping opposite ends of a pole ^ long, sup- 
port thereon a weight of 50^ between them. Where should the weight 
be placed that the boy may support 20^? 

8. If the weight were placed 40™» firom the man, how much would 
each support? 

8. Suppose that a boat is headed directly across a river half a mile 
wide, and is rowed with a velocity that would land it upon the opposite 
shore in half an hour, if there were no current ; but the current carries 
the boat down the stream at the rate of one mile an hour. Where will 
the boat land? 

4. How far will it travel? 

5. How long will it be in crossing the river? 

6. A ship is sailing due soath-east at the rate of 10 miles per hour ; 
what is its southerly velocity ? 

7. Find, both by construction and calculation, the intensity of two 
forces, acting at right angles to each other, that will support a weight 
of 15 pounds. 

8. Verify the results with dynamometers. 



X. OTHER APPLICATIONS OF THE SECOND LAW OF MO- 
TION.— CENTER OF GRAVITY. 

Let Figure 78 represent any body of matter ; for instance, a 

stone. Every molecule of the body is acted upon by the force 

Fig 78 ^^ gravity ; the intensity of this force is 

^j^iMk measured by the weight of the molecule. 

^^f4ftr *^^ '^^® forces of gravity of all the molecules 

4^ l^^N^ ^ovm a set of parallel forces acting verti- 

rf^^g^jSt^^ cally downward, the resultant of which 

' ' I^^^MinTi ! ■ equals their sum, and has the same direction 

as its components. The resultant has a 
definite point of application in whatever 

■ 

„i position the body may be, and this point 

is called its center of gravity. The centei' 
of gravity (e.g.) of a body is^ therefore^ the point of application 
of the resuUant of all these forces; and for many purposes the 
whole weight of the body may he supposed to he concentrated a^ 
its center of gravity. Hence mathematicians, by the pkice of a 
body, usually mean that point where the c. g. is situated. 
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Let Gr in the figure represent this point. For many practical 
purposes, then, we may consider that gravity acts only upon this 
point, and in the direction 6F. If the stone falls freely, this 
point cannot, in obedience to the first law of motion, deviate 
from a vertical path, however much the body may rotate during 
its fall. Inasmuch, then, as the e.g. of a falling body always 
describes a definite path, a line GF that represents this path, 
or the path in which a body supported tends to move, is called 
the line of direction. 

It is evident that if a force equal to its own weight and 
opposite in direction is applied to a body anywhere in the line 
of direction (or its continuation), this force will be the equi- 
librant of the forces of gravity ; in other words, the body sub- 
jected to such a force is in equilibrium, and is said to be sup- 
ported, and t?ie equilibrant is called its supporting force. To 
support any body, then, it is only necessai^y to provide a support 
for its center of gravity. The supporting force must be applied 
somewhere in the line of direction, otherwise the body will fall. 

Bxperiment. — Place a stick of wood, two meters long, horizontally 
across the tip end of a finger. When you succeed in getting the finger 
directly nnder its e.g., it will rest, but not till then. The difficulty of 
poising a book, or any other object, on the end of a finger, consists 
wholly in keeping the support under the center of gravity. 

Figure 79 represents a toy called a ^' witch," consisting of a 
cylinder of pith terminating in a j^ ^^ 

hemisphere of lead. The toy will not 
lie in the position shown in the figure 
on a horizontal surface a&, because 
the support is not applied immediately 
under its e.g. at Gr ; but, when placed horizontally, it immedi- 
ately assumes a vertical position. It appears to the observer 
to rise ; but, regarded in a mechanical sense, it really falls, be- 
cause its e.g., where all the weight is supposed to be concen- 
trated, takes a lower position. 
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Whether a body toiil aland orfaU d^tenda ^g)on whether or not 
its line cf di/reiAUm faiia tcitAin it» baae. Tlie base of a body is 
not neoeasarily limited to that part of the under sorfaoe of & body 
that touches ita support. For example, place a string around 
the four legs of a tabl« close to the floor : the rectangular figure 
bounded by the string is the base of the table. (Wbat is the 
base of a man when standing on one foot ? on two feet ?) 

§ 74; How to find the center of gravity of & body. — 
Bxperinumt. Attach a strlDg to a potato by raeaus of a tack, as in 
Figure SO, aad enspend nroni the hand. When the potato comes to rest 
there will be an equilibrium of forces, and 
the e.g. mast be iu the same line with the 
eqnlUbrant of gravity ; hence, If a knitting- 
needle Is thrust vertically through the po- 
tato from a, so as to represent a continna- 
tion of tbe vertical Hue oa, the e.g. must 
lie somewhere Id tbe path an made by the 
needle. Suspend the potato from some 
other point, as b, and a needle thnist verti- 
cally through the potato from b will also 
pass through the e.g. Since the e.g. lies 
in both the lines an and 6», It must be at c, 
their point of intersection. It will be foand that, from whatever point 
the potato is snpported, the point e will always be vertically under the 
point of support. On the same principle the e.g. of any body is found. 
But the e.g. of a body may not be coincident with any particle of the 
body; (br example, tbe e.g. of a ring, a hollow spbere, etc. 

§ 75i Three states of equilibrium. — The weight of a 
body is a force tending downward ; hence, a body tends to as- 
sume a poaition aueh that Us e.g. will he as low as possible. 

Experiment 1. Try to support a ring on the end of a stick, as at 
b (Fig. 81). If you can keep the support exactly under the e.g. of the 
ring, there wiU be an equilibrium of forces, and the ring will remain at 
rest But IT It is sUghtly disturbed, the equilibrium will be destroyed, 
and the ring will faQ. Support it at a ; lu this position Its e.g. is as 
low as posBlUe, and any dlstarbauce will raise its eg. ; bat, In conse- 
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qaence of tbe tendency o[ Um eg. to get u tow u poeeJblm, it wUI 
qnicUf fall bftck Into its original position. 

A body is 8ud to be in itable eqaililMiQin, if its position is 
such tiiat a distnrbuice wonU raise its 
e.g., since in ttiat event it would tend to 
return to its original position. On tiie 
other hand, a body is said (o be in wi- 
stable eqailibrium when a disturbance 
would Icurer its e.g., since it would not 
return to its original position. 

A body is said to be in netOral or in- 
different eqnilibrinm when it rests eqnaUy 
well In any po«tJcm in wbich it may be 
placed. A sphere of uniform density, 

resting on a horizontal plane, is in neutral equilibrium, because 
its e.g. is neither raised nor lowered by a change of base. Like- 
wise, when the support is applied at the e.g., as when a wheel 
is supported by an axle, the body is in neutral equilibrium. 

It is evident that, if the e.g. i» below the tupport, as in the last 
experiment wit^ the ring, tlie eqttU0rium must be stable; but, as 
in Figure 79, a body may be in stable equilibrium, though its 
e.g. is above the point of support. (When is this possible?) 

It is difflcolt to balance a lead-pencil on ttie end of a finger ; 
but by attaching two knives to it, as in Figure 82, __ _ 
the e.g. may be brought below the support, and it 
may then be rocked to and fro wiUiout falling. 

S 76. Stability of bodies. — The ease or difll- 
cnlty wUh which bodies supported at their bases are 
overtomed depends npcm the hight to which their 
e.g. must be rused in overturning them. The let- 
ter c (Fig. 83) marks the position of the e.g. of each of tbe four 
bodies A, B, C, and D. To turn any one of these bodies over, 
its e.g. must pass throi^ tbe arc ct, and be raised through Uie 
hight oj. By ctNuparing A with B, and supposing them to be 
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of equal weight, we learn that of two bodies of equal hight otuI 
weiglu, the e.g. of that body whicA hoe the larger base miiat be 
raised higher, and is, therefore, overturned with greater difficulty. 
A comparison of A and C, supposing them to be of equal 
weight, shows that when tvxi bodies have equal bases and vieights, 
the higher body is more easUg overturned. D and C have eqnsl 
bases and hights, but D Is made heavy at (he bottom, and this 
lowers Us e.g. and gives it greater stability. 

Kg. a. 



QUESTIONS. 

1. Where is the e.g. of a box? 

I. Why Is a pyramid a very stable atractnret 

8. Wliat is the object of ballast In a vessel ? 

4. Stateseveralwaysof giving stability to an inkstand? 

5. (a) In what position would yon place a cone on a horizontal 
plane, that it may be In stable eqailibrinm i (6) That It may be in neu- 
tral equiUbriam f (c) That It may be In unstable equillbrlmn ? 

fl. In loading a wagon, where should the heavy luggage be placed F 
Why? 

T. Why are bipeds slower In learning to walk than qaadrapeda F 

8. Why is mercury placed In the btdb of a hydrometer ? 

9. How wiU a man rising in a boat afltet its stability ? 

10. Which is more liable to be overturned, a load of hay or a load of 
stone of equal weight ? 

11. (a) How would you place a book upon a table, that It ma; be In 
stable equilibrinm ? (b) That it may be In unstable equUibrinrnF 
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XI. OTHER APPLICATIONS OF THB SECOND LAW OF 
MOTION. — CURVILINEAR MOTION. 
According to the firet law of motion, everj' moving body i)!^- 
ceedB in a straiglit line, unlesB coini>elled to depart fi-om it by 
some external force. If the extemal force is contiunoua, i.e., 
acts at evei7 point, the direction is changed at every point, and 
the result is a cui-vUijiear motion; and if the force is constant, 
and acts at right angles to the path, the curve becomes a circle. 

Thus, suppose a ball at A (Fig. 61), snspended by a abliig from a 
point d, to be struck by a bat, Id a manuer that would cause It to move 
hi the (lirectioD Ao. At the name time it Is i-estralued from taking that 
path by the tension of the string, which 
operates like a force drawing it toward Fig.B*. 

J. It tlierefore takes, In obedience to 
the two forces, an intermediate course 
toward c. At c Its motion Is In the di- 
rection en. In which path it woaUl move, 
bat for the string, in accordance with 
the flrst law of motion. Here, again, It 
is compelled to take an Intermediate 
path toward e. Tbns, at every point, 
the tendency of the moving body Is to 
preserve the direction it has at that 
point, and consequently to move In a 
straight line. Tlie only reason it does 

not BO move, Is that It Is at every point (breed from Its natural path 
by the pull of tlie string. Bat If, when the ball reaches the point (, 
the string la cut, the ball, having no force operating to change Us mo- 
tion, continues In the direction In which it Is moving at that point; 
i.e.. In the direction ih, which is a tangent to Its former ctrcnlar path. 

This tendency of a iwdy moving in a curvilinear path to fly 
off in a straight line has been erroneously attributed to a stip- 
ix>sed "centrifugal force," which is constantly urging it away 
IVom the center, its escape being prevent«<1 only by a force 
pulling it toward the center. 

Ceatrifiigal force liaa in reality no existence ; tlie results tliat 
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are commonly attributed to it are due entirely to the tendency 
of moving bodies to move in straight lines in consequence of 
their inertia. If a moving body is to describe a curvilinear 
path, a force called a centripetal force must be constantly applied 
to it at an angle to its otherwise straight path. [We shall make 
use of the expression cetitri/ugal force for want of a better one, 
and because it has obtained universal currency.] 

The greater the velocit}' of the moving body, the greater must 
be the force applied to produce a given departure fh)m a straight 
line. This may be shown by suspending a weight to a dyna- 
mometer, and swinging them about the hand. If, when 30 
revolutions ai'e made in a minute, the force, as indicated by the 
dynamometer, is 4 pounds, then, on doubling its velocitj', the 
force will be increased to 16 pounds. If the weight is doubled 
and the velocity remains the same, this force will be doubled. 
Hence, to pivduce circular motion, the centripetal force muiU be 
increased as the square of the velocity increases, and as the mass 
increases. 

The farther a point is fVom the axis of motion,' the farther it 
has to move dunng a rotation, consequentl}' the greater its 
velocity. Hence, bodies situated at the earth's equator have 
tlie greatest velocity, due to the earth's rotation, and consequent!}' 
the greatest tendency to fly off from the surface, the effect of 
which is to neutralize, in some measure, the force of gravity. It 
is calculated that a bod}' weighs about ^\j less at the equator than 
at either pole, in consequence of the greater centrifugal foi*ce at 
the former place. But 289 is the square of 17 ; hence, if the 
earth's velocity wei-e increased seventeen-fold, objects at the 
equator would weigh nothing. 

We have also learned (page 22) that a body weighs more at 
the poles in consequence of the oblateness of the earth. This 
is estimated to make a difference of about -g^. Hence, a bod}' 
will weigh at the equator about ^^ + ^^ = y|^ less than at the 
poles. 

> Axii, an ImaglnaTy straight Itne iMissIng through a body about which It rotates. 
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Experiment. Arrange some kind of rotating apparatus, e.^., A, 
Figure 85. Suspend a skein of thread a by a string, and rotate ; it 
assumes the shape of the oblate spheroid a'. This illustrates the 
probable method by which the earth, on the supposition that it was 
once in a fluid state, assumed its present spheroidal state. (Explain.) 
Suspend a glass fish aquarium e, about one-tenth full of colored water, 
and rotate. The liquid gradually leaves the. bottom, rises, and forms an 
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equatorial ring within the glass. Pass a string through the longest 
diameter of an onion c, and rotate; the onion gradually changes its 
position so as to rotate on its shoi*test axis. (Explain.) A chain h as- 
sumes on rotation a similar position. 



QUESTIONS. 

1. Why does not the sphere d (Fig. 85) change its position when 
rotated? 

8. Why does the earth rotate on its shortest axis? 

8. State the various facts illustrated in the act of slinging a stone. 

4. (a) When will water and mud fly off from the surface of a re- 
volving wheel? (6) Why do they fly off? (c) In what direction do 
they fly ? 

5. What is the fbrce that keeps the earth and the other planets in 
their orbits? 

6. How do you account for their curvilinear motion? 
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XII. OTHER APPLICATIONS OP THE SECOND LAW OF 
MOTION.— ACCELERATED AND RETARDED MOTION. 

§ 77. Acoelerated motion or velocity. — So far the only 
case of motion under the action of a continuous force that we 
liave studied is that of curvilinear motion, in which the force 
acts at an angle to the direction of the motion at every point, 
and so the direction of the force is constantly changing ; but if 
the motion takes place in the same straight line as that in which 
the force acts, we shall have one of the cases of varied motion 
referred to on page 87. 

Even if several men push against a heavy car we may be un- 
able to recognize any motion for two or three seconds ; but, if 
they continue to exert force upon the car, it will move with 
greater and greater velocity until the resisting force (which in- 
creases with the velocity) becomes equal to that applied by the 
men. This continually increasing velocity' is termed acceler- 
ated velocity. 

The most familiar illustration is that of falling bodies. We 
are sufficiently aware of the difference in the results that would 
follow a jump from a fifth-story window and a jump fi-om a 
firet-story window. Inasmuch as the velocity' of falling bodies 
is so great that there is not time for accurate observation during 
their fall, we must resort to some method of checking their 
velocity, without otherwise changing the character of the fall. 

Experiment. Take a smooth board (Fig. 86), about 4"» long, and 
place it so that one end shall be about i"^^ higher than the other. Sus- 
pend within easy view 
^|i[^£^^^^^^^^B a striug (about l"" long) 

and ball, as a pendu- 
lum. Set it in vibra- 
tion, and, at the instant 
the ball reaches one extremity of its arc, let a marble begin to roll 
down the inclined plane. Let another person mark the point on the 
board that the ball reaches at the end of one swing of the pendulum. 
Repeat the operation several times, and mark the points that it reaches 
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at the end of the second and third swings ; also verity the preceding 
points by several trials; if there is a difference', take the mean dis* 
tance between the points obtained at the end of a given swing for an 
approximate result. If the experiment is conducted with care, it will 
be found that during the first swing, which we call a unit of time (T), 
the marble moves through a certain space, which we represent by the 
expression } k ; during the second unit of time it moves through | k, 
three times the space that it did in the first unit of time ; and during 
the third unit of time it moves through \ k. 

Arrange the results of your observations in a tabulated foim as fol^ 
lows : — 



No. of unite of 
time. 


Total distance 
paased over. 


Distance passed 
over in each 
unit; also av- 
er<ige velocity. 


IncreaM of ve- 
locity in each 
unit, i.e., ac- 
celeration. 


Velocity at the 
end of each 
unit. 


1 
2 
3 
4 
etc. 


4 " 

9 " 

16 " 

etc. 


3 ** 
5 " 

7 " 
etc. 


2(1^) 
2 " 
2 " 
2 " 
etc. 


2(iA;) 
4 ** 

6 *' 

8 '' 

etc. 



The marble, under the influence of gravity, starts from a 
state of rest, and moves through one space in a unit of time. 
Gravity, continuing to act, accomplishes no more nor less dur- 
ing any subsequent unit of time. But the marble moves through 
three spaces during the second unit ; hence, two of the spaces 
must be due to the motion it had acquired during the first unit. 
In other words, if the action of gravit}^ were suspended at the 
end of the first unit, the marble would still move on, and would 
pass through two spaces during the second unit. It therefore 
has at the end of the first unit a velocity (V) of two spaces (k) . 
But it stai'ted from a state of rest ; hence the constant action of 
gravity causes, during the first unit, an acceleration of velocity 
equal to two spaces (k) ; and it causes the same acceleration 
during every subsequent unit. The distance k is called the ac- 
celeration due to the constant force. A body impelled by a single 
constant force, and encountering no resistances, always lias a 
unifoiifrdy accelerated motion. 
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§ 78. Formulas for uniformly accelerated motion. — 
If we repi-esent the distance traversed during a given unit of 
time by a, and the total distance the body has accomplished 
from the outset to the end of a given unit of time by S, we have 
the following formulas for solving problems of uniformly accel- 
erated motion * — 

(1) V=(}*X2T)=A;T. 

(2) 8 = JA;(2T-1). 

(8) S = J*T*, orS = JfirT*. (See §79.) 

§ 79. Velocity of a faUiner body independent of its 
mass and kind of matter. — If we grasp a coin and a feather 
between the thumb and finger, and release both at the same in- 
stant, the coin will reach the floor first. It would seem as 
though a heavy body falls faster than a light body. Galileo was 
the first to show the falsity of this assumption. He let drop 
from an eminence iron balls of different weights : they all 
reached the ground at the same instant. Hence he concluded, 
that the velocity of a falling body is independent of its mass, (This 
celebrated experiment should be repeated by every student.) 

He also dropped balls of wax with the iron balls. The iron 
balls reached the gi'ound first. Are some kinds of matter affected 
p. g^ more strongly by gravitation than others ? If a coin and a 
feather are placed in a long glass tube (Fig. 87) , and the 
air exhausted, and the tube turned end for end, it will 
be found that the coin and the feather will fall with equal 
velocities. Hence, gravity attracts all matter alike; but, 
inasmuch as a wax ball presents, according to the amount 
of matter in each, more surface for resistance of the air 
than an iron ball, it falls more slowly. We conclude, 
therefore, that all bodies fall with equal velocities in a 
vacuum. 

When the body falls freely, and the unit of time is one 
second, we use the letter g instead of A; to represent the 
acceleration. Experiments show that in the latitude of 
all the Northern States the value of g is 9.8"*, or about 
-^^i ft. ; that is, the velocity gained if the force of gravity acts 
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one second Is 9.8"* per seoond, and the* body would fall in the 
first second 4.9"> or 16^ ft. 

§ 80. Retarded Motion. — If we revei'se the oixler of the 
figures in Figure 86, the same diagram will represent the motion 
of a body rolling upward, or the motion of a body under the influ- 
ence of a retarding force. The formulas given (§ 78) for find> 
ing velocities, etc., of bodies having uniformly accelerated 
motion, may be used for finding velocities, etc., of bodies having 
uniformly retarded motion; but the questions should be so 
framed as to be an exact converse of the questions to be solved. 
Thus, if we would find the velocity of a body at the end of the 
first.second, or at the beginning of the second second, thrown 
upward by a force that would cause it to rise six seconds, we 
should calculate the velocity that a falling body has at the end 
of the fifth second, or at the beginning of the sixth second. 

PROBLEMS. 

(Solve these problems in both the metric and the English measures.) 

1. Disregarding the resistance of the air, what distance will a body 
fall from a state of rest in five seconds? 

8. What distance will it fall during the fifth second? 
8. What is its velocity at the end of the fifth second? 

4. A stone, dropped from a balloon, strikes the ground in seven 
seconds. How high is the balloon? 

5. Under the influence of a constant force, a body moves SOO"* in a 
minute. How far will it go in an hour? 

6. What will be its velocity at the end of the first half-hour? 

7. How far wUl it move during the fifty-ninth minute? 

8. A body falls four seconds ; meantime it is acted on by a constant 
force which causes it to move in a horizontal direction 2« in the 
first second. Where will it strike the ground? 

9. What is its horizontal velocity at the end of the fourth second? 

10. What is its vertical velocity at the end of the fourth second? 

11. With what vertical velocity must a body start that it may ascend 
three seconds? 

IS. How far does it rise during the first second? 
18. At what point does a ball shot horizontally fVom a gun begin to 
fall? 
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SSL Prc^eotiles. — Ezperlm«nt. T&ke a bottomlsM ttn can 
A (Fig- SS), and counect a rubber tube C, 2™ long, with a glass tube 
passing through a stopper at B, anil Insert a short glass tube at D. 
Keep the can filled with water, bend the lower part ot the rubber tube 
st D, so aa to direct the stream at different angles of elevation, and 
observe the pecnliarltles of the carves formed by the streams, and the 
illfl^rent vertical and horizontal distances reached b; each. 

In this experiment 3-ou have a miaiature representation of the 
paths of alt projectiles,' such as caDnon-balls, stones thrown 
from tlie hand, etc. The horizontal distance that the projectjle 
attains is called its raiige or random. Theoretically, the great- 
est range is obtained at an angle of 45° ; but practically, on 
account of the resistance of the air, it is at a little less than 40°. 



Every projectile is acted upon by two forces ; (1) the force of 
gravity, and (2) the resistance of the air. It also has a certain 
velocity and direction at the instant of projection. If this 
velocity and direction are known, and the resistance of the air is 
disregarded, the path of a projectile can be determined. Thus, 
suppose that a projectile is thrown from A (Fig. 89) at an 
' Projectile, a l«^ tkrom. 
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SDgle of 45°, tii&t it is in the air aix units of time, and that the 
▼ertical hights reached at the end of the first tliree nnits sncceB- 
sively, are B, C, and D. Its horizontal motion, if unimpeded, 
is uniform, and tlie corresponding points reached in that direc- 
tion at the same moments are (say) B', C, and D'. Combining 
these two motions, we obtain the points B", C", and D", reached 
by the projectile successively, at the end of each of the first three 
Hoita of time. The force of gravity constantly acting to change 
its direction, it must describe, during the first three units, the 
curved line AB"C"D". Since the time of ascent and descent 
are equal, it most reach its greatest vertical bight at the end of 
the third unit, when it begins its descent. The path of descent 
D"E"F"G" is found in a similar manner. The path thus de- 
scribed ia known as a parabolic curve ; but, inasmuch as this is 
practically modified by the resistance of the air, it in reality 
describes a peculiar path called a ballistic curve. The curve 



D"E"F"G" represents also the path of a projectile thrown from 
D", in the direction of the line D"G', with, a horizontal velocity 
that would cause it to reach 6' at the end of the third unit of 

An excellent verification of the second law of motion is found 
in the fact that a ball, projected horizontally, will reach the 
ground in precisely the same time that it would if dropped f^om 
a state of rest from the same hight. That is, any previous 
motion a body has in any direction does not affect the action 
of gravity upon the body. 



no 
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Eixpeiiment 2. Support two iron bars, a and b (Fig. 90) , bent into 
ttie form of a curve, about 8<^ apart, and so situated that a ball n, roll- 
ing down them, will be discharged from them in a horizontal direction. 
So connect the wires of an electric battery c with these bars, that while 
the iron ball n rests upon them the circuit is closed, and the iron ball 
m is supported by the attraction of the electro-magnet e. Now allow 
n to roll down the curved path. When it leaves the bars, the circuit is 
broken, e instantly loses its power to hold m, and m drops. But both 
balls reach the floor at the same instant. If the horizontal velocity of 
n is varied, by allowing it to start at diflierent points on the bars, so as 
to cause it to describe different paths, the two balls will, in every case- 
acquire exactly equal vertical velocities. 

Fig. 90. 




XIII. OTHER APPLICATIONS OF THE SECOND LAW OF 

MOTION. — THE PENDULUM. 

Experiment 1. From a bracket suspend by strings leaden balls, as 
in Figure 91. Draw B and C one side, and to different hights, so that 
B may swing through a short arc, and let both drop at the same instant. 
C moves much faster than B, and completes a longer journey at each 
swing, but both complete their swing, or vibration, in the same time. 

Hence, (1) the time occupied by the vibration of a pendtdum 
is independent of the length of the arc. Of only very small arc6 
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may this law be regarded as practically tme. The pendulum 
requires a somewhat longer time for a long arc of vibration than 
for a short one, but the difference becomes perceptible only when 
the diflereDce between the arcs is great, and tben only after many 
vibrations. 

Ezpertment 2. Set all the balls Bwhi^ng ; only B and C swing to- 
gether ; the shorter the pendulum, the 
faster It sirlnga. Hake B l-" long, and 
F ^ long. Watch In hand, count the 
vibrations made by B. It completes 
JQst 60 vibrations In a minnte; In other 
words, It " beats seconds." A pendu- 
lum, therefore, to beat seconds must 
be I" long (more accnmtely, .998™, or 
89.09 In.). Count the vibrations of 
F; it makes 120 vibrations In the same 
tlmethatBmakeseOvibrations. Make 
G one-ninth the length of B; the for- 
mer makes three vlhraUons while the 
latter makes one, consequently the 
time of vibration of the former Is one- 
ttaird that of the latter. 

Hence, (2) the time of one v3>ra- 
tion of a pendulum varies as the 
square root of its length. 

QUESTIONS AND PROBLEMS. 

1. What would be the effect If B were made twice as heavy as C? 
'Why? 

i. What Is the length of a pendulum that beats half-seconds ? Qnar- 
ter-seconds? That makes one vibration in two seconds? That makes 
two vibrations per minute? 

S. State the proportion that will give the number of vibrations per 
minnte made by a pendnlnm 40™ long. 

g 82. Center of osoillation. — Bxperlment l. Connect six 
balls, at Intervals of I6«", by passing a wire through them, alter the 
manner of pesdulnm A. This forma a arngmtrnd pendulum composed 
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of six simple pendulums. Set A and B vibrating; A vibrates faster 
tlian B, although their lengths are the same. Why is this? If A were 
actuated only by the ball/, it would vibrate in unison with B. If the 
ball a were Aree* it would move much faster than/; but, as they are 
constrained to move together, the tendency of a is to quicken thie 
motion of/, and the tendency of /is to check the motion of a. But e 
is quickened less than /, and d less than e ; on the other hand, b is 
checked by / less than a. and c less than h. It is apparent that there 
must be some point between a and /, whose velocity is neither quick- 
ened nor checked by the combined action of the balls above and below 
it, and where, if a single ball were placed, It would make the same 
number of vibrations in a given time that the compound pendulum 
does. Shorten pendulum B, and find the required point. This point 
is called the center of oscillation. 

Every compound pendulum is equivalent to a simple pendulum, 
whose length is equal to the distance between the center of osciUa- 
tion and the point of suspension of the compoxtnd pendulum. In- 
asmuch as the distance between the point of suspension and the 
center of oscillation determines the rate of vibration, whenever 
the expression length of pendulum is used, it must be understood 
to mean this distance. Strictly speaking, a simple pendulum is 
a heavy material point suspended by a weightless thread. Of 
course such a pendulum cannot actually exist ; but the leaden 
Fiff 92. ^^^^^ suspended by a thread, is a near approximation 
to it. 

Experiment 2. Suspend on the frame of Figure 91 a lath 
AB (Fig. 92), 1™ long, and shorten the pendulum B till 
it swings in the same period as the lath ; the ball of B 
marks the center of oscillation of the lath, which is found 
to be two-thirds the length of the lath below the point 
of suspension. Attach a pound-weight to the lower end of 
AB ; its vibrations are now slower, and the simple pendulum 
B must be lengthened to vibrate in the same time as the lath 
and weight; hence the center of oscillation of the lath is 
lowered by the addition of the weight. Move the weight 

up the lath; the vibrations are quickened. (What is the office of a 

pendulum bob?) 

Kzperlment 8. Remove the weight, bore a hole through the lath at 
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Ita center of oecQIatlon C, and, passing & knitting-needle tbrotigli tbe 
bole. Invert tbe lath and suspend It bj the needle. The pendulam Is 
now apparenQy shortened, and we naturally expect Uiat Its vibrations 
will be quicker than when suspended from A. But the part B C now 
vibrates In opposition to the part CA, rising as it sinks, and sinking as 
It rises. This tends to check the rapidity of the vibrations of CA, 
and It Is (bond that the pendulum vibrates in the same time when »DS- ^ 
pended from C as when suspended trora A. 

The point of suspengitm and the center of otdllation are inter- 
changeable; in other words, there are cUways two points in a com- 
pound pendulum about which it wHl oscillate in the same lime. 

This suggests a practical way of finding the center of oscilla- 
tion, and the equivalent length of a compound peodnlum. For 
we have only to find anoliher point of suspeDsion fix>m which the 
pendulum makes the 
same number of vibra- 
tioDS, in a given time, 
as from its usual point 
of suspension : that 
point is its center of 
oscillation ; and the 
distance between it and 
the usual point of sus- 
pension is, technically 
speaking, tbe length of 
the pendulum. It will 

be seen that these two points are unequally distant from the 
center of gravity. 

g 83. Center of percuBBion. — Bxtteriment. Suspend the 
lath bj a string attached to one of its estremities, and with a club 
strike It horizontally near its upper extremity. This end of the lath 
moves in the direction of the stroke (A, Fig. 93), at the same time 
causing a sudden jeik on tbe string, which Is felt by the hand. Strike 
the lath In the same direction, near its lower extremity; the upper end 
of the lath now moves in a direction opposite to the stroke (B), at the 
same time caosiog a similu jerk of the string. Next strike the lath 
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saccessively at points higher and higher above \ta lower extremity ; it 
is found that the Jerk on the string becomes less till the center of oscil- 
lation is reached, when no poll on the string is felt, and neither end 
of the lath tends to precede the other, but both move on together (C). 
The full force of the blow is spent in moving the stldc, and none is 
expended in pulling the string. This point is called the center of per- 

The center of percussion is coincident with the center of osciUa- 
tion. It is the point where a blow, given or received, is most 
effective, and produces the least strain upon the support or axis 
of motion. The base-ball player soon learns at what point on 
his bat he can deal the most effective blow to the ball, and at 
the same time feel the least tingle in his hands. 

§ 84. Some useftQ applications of the pendulum. ^ 
The force that keeps a pendulum vibrating is gravity. Were 
it not for friction and resistance of the air, a pendulum, once 
set in motion, would never cease vibrating. Since the force 
of gravity keeps the pendulum in motion, it follows that the rate 
of vibration of a given pendulum must be determined by the 
intensity of this force. Hence it is apparent, that if the rate 
of vibration is known, the intensity of the force of gravity may 
be calculated. It is found by experiment that the time of vi- 
hrcUion varies inversely as the square root of the force of gravity. 

So the pendulum becomes a most serviceable instrument for 
measuring the intensity of gravity at various altitudes and at 
different latitudes on the earth's surface. (Compare § 21). It 
is also the most accurate instrument for measuring time that has 
been invented. Its value, as a time-measurer, depends upon 
the absolute uniformity of the rate of vibration as long as its 
length is constant, and the length of its arc very small. But as 
heat is ever modifying the dimensions of all visible bodies, 
various devices have been called into existence by which heat 
may be made to correct automatically its own mischief. Clocks 
that do not have self -regulating pendulums are fast in winter 
and slow in summer. (How would you regulate them?) 
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QUESTIONS. 

1. Where is the center of percussion in a hammer or axe ? Why ? 

8. At what point (disregarding the length and weight of the arm 
that swings it) should a blow be dealt with a bat of uniform dimen- 
sions when held in the hand at one extremity ? 

8. What change in the location of the center of percussion is pro- 
duced by making one end of a bat heavier than the other ? 

4. Which end of a bat, the heavier or lighter, should be held in the 
hands ? Why ? 

XIV. MOMENTUM. — THIRD LAW OF MOTION. 

§ 85. Momentuin. — A small stone dropped upon a cake of 
ice produces little effect ; a large stone dropped upon the ice 
crushes it. An empty car in motion is much more easily stopped 
than a loaded car. We dread the approach of large masses 
because we instinctively associate with them a lai^e amount of 
motion or force. It is evident that if two bodies move with the 
same speed, there is a greater quantity of motion in that which 
contains the greater quantity of matter, just as there is more 
heat in a gallon of water than in a pint of water, when both have 
the same temperature. 

Again, we have a similar dread of masses moving with great 
velocities. A ball tossed is a different affair Ax)m a ball thrown. 
Our experience, then, teaches us that tJie quarUity of motion^ or, 
in a word, the momentum a body may have,, depends upon its 
7MISS and velocity. For example, a large mass, moving slowly, 
has great momentum, but the same mass will have twice the 
momentum if its velocity is doubled ; again, a small mass, mov- 
ing swiftly, has great momentum, but its momentum is increased 
in proportion as its mass is increased. 

If the motion of a mass weighing 1^, having a velocity of 1™ 
per second, is taken as a unit of momentum, then a mass weigh- 
ing 5*, moving with the same velocity, would have a momentum 
of 5 ; and if the latter mass should have a velocity of 10*" per 
second, its momentum would be 5 x 10 = 50. Hence, the nu- 
merical, value of momentum is found by muUiplying units of mass 
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by units of velocity. There is no name for the unit of momen- 
tum. We return to ttiis subject on page 123. 

QUESTIONS AND PROBLEMS. 

1. Compare the momenta of a car weighing 50 tons, moving 10 ft 
per minute, and a lump of Ice weighing 5 cwt., at the end of the third 
second of its f alL 

8. Why are pile-drivers made heavy? Why raised to great hights? 

8. A boy weighing 25^ must move with what velocity to have the 
same momentum that a man has weighing 80^ running at the rate of 
10^"* per hour? 

4. A body has a certain momentum after falling through a certain 
space. How many times this space must it fall to double its mo- 
mentum? 

§ 86u Third law of xnotion. — It has been shown (page 88) 
that motion cannot originate in a single body, but arises from 
mutual action between two bodies. For example, a man can lift 
himself by pulling on a rope attached to some other object, but 
not by his boot-straps, or a rope attached to his feet. When- 
ever one body receives motion, another body always parts with 
motion, or is set in motion in an opposite direction ; that is, in 
every change in regard to motion there are always at lea^ two 
bodies oppositely affected. 

Experiment. Ploat two blocks of wood of unequal masses on 
water, connecting them by a stretched rubber band. Let go the blocks, 
and the band will set both in motion, but the smaller block will have 
the greater velocity. 

A man in a boat weighing one ton pulls at one end of a rope, the 
other end of which is held by another man, who weighs twice as much 
as the first man, in a boat weighing two tons : both boats will move 
towards each other, but in opposite directions ; the lighter boat will 
move twice as fast as the heavier, but with the same momentum. 

If the boats are near each other, and the men push each other's boats 
with oars, the boats will move in opposite directions, though with dif- 
ferent velocities, yet with equal momenta. 

The opposite impulses received by the bodies concerned are 
usuall}' distinguished by the terms action and reacHon, We 
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measure these by their moments. Aa ercry force is either a 
push or a pull (S 12), aud produces equal loomenta in two 
bodies ia opposite directions, hence, the 

Third Law of Motiom : To every action there ia an equal 
and apposite reaction. 

The application of Uiis law is not always obvious. Thus, the 
apple falls to the ground in consequence of the mutual attrac- 
tion between the apple and the earth. The earth does not 
appear to fall toward the apple. But, allowing that their mo- 
menta are equal, we are not surprised that the motion of the 
earth is imperceptible, when we reflect that the velocity of the 
earth must be as many times less than that of the apple as 
the mass of the apple is less than that of the earth. (Compare 
S20.) 

QUESTIONS. 

1. The velocltj' of the rebound or " kick " of a gun Is slight when 
compared wltb the velocity of the ball. Why? 

S. Id rowing a boat, what are the opposite results of the stress 
between the oar and the water? 

>. Foint oat the results of the acUon and reaction that occur wheu 
a person leaps from the ground. 



4. If tlkere were no ground or other object beneath him, and he 
were motionless In space, could he put himself in moUon? Why? 

5. A boy, running, strikes his head against another boy's head. 
Which is hnrt? Why? 

6. Suspend two balls of soft pntty of equal weight, A and B (V\g. 
M). J)r«w A one side, and let it fall so as to strike B. Both balls 
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will then move on togetlieri with what momentam compared with A's 
momentiDm when tt strikes B? 

T. What will be the momeDtom of each ball after A strikes B, com- 
pared with A's momentam when it strikes B? 

8. How will their velodl? compare with A'e velocity when it 
strikes B7 

0. Raise A and B eqaal distances in opposite directions, and let fall 
so as to collide. Both balls will instantly come to rest after collision. 
Show that this result is consistent with the third law of motion. 

10. Snbstltute, for the inelastic putty balls, ivory billiard balls, which 
are highly elastic. Let A strike B. Then B goes on with A's original 
velocity, while A Is brought to rest. Show that this result Is consis- 
tent with the tiilTd law of motion. 

11. Suspend four ivory balls, C, D, E, and F. Let C strike D. O 
eventually receives all of C's momentum, and Instantly communicates it 
to £, £ to F, and F, having nothing to which to communicate It, moves 
with C's orlgiual velocity. Trace the actions and reactions throogbont. 

IS. What would happeu if the four baUs were iuelaaUc? 

S 87. Lav of reflectiOD. _ Experiment 1. Hold D (fig. 94) 

flrmly In its place, and allow C to strike it. D being Imraovable, Cs 

entire momentum is spent in compressing the bails, and, on recovering 

their shape, C Is thrown back to Its starting-point at C But in this 

case the hand exerts as much force to prevent the motion of D as 

would be necessary to project C to C. When 

an elattie body slrikes another fixed elastic 

body, it I'eboiinds vnth it* original force. 

Experiment 3. Lay a marble slab A (Fig. 
95) upon a table, and roll an Ivory ball In the 
line DC, perpendicular to the surfiice of the 
slab ; the ball rebounds in the some line to D. 
Roll the ball in the line B C ; It rebounds in 
the line CF,. The angle BCD, which Its for- 
ward path makes with DC, a perpendicular to the surface struck, is 
called the angle of incidence. The angle ECD. which its retreating 
path makes with the same perpendicular, is called the angle ofrffiectlon. 

It is found by measurement that these angles are equal when 
the two bodies are perfectly elastic. This equality is e^cpressed 
by the Law of Reflection : When the striking body and (Ae body 
itruck are perfecOy elaatie, the angle of r^fiectitm is equai to tlie 
angle of incidence. /■ 
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XV. WORK AND ENERGY. 

§ 8B. Work. — What Is work? One of the most common 
kinds ot work consists in raising bodies of matter in opposition 
to gravity ; as raising water from a well, coal from a mine, and 
transporting articles of merchandise from lower to upper stories 
of buildings. The work of driving a nail, bending a bow, and 
winding a spring, consists in producing motion in these bodies 
in opposition to molecular forces. Call to mind the actions that 
constitute the work done by (say) a carpenter, a machinist, and 
a farmer ; also, the work done by a horse and a steam-engine : 
although the diversity of their actions is well-nigh endless, you 
discover one principle that is common to all ; viz., that work is 
the production of motion in opposUion to resistance; in other 
words, it is the overcoming of resistance through space. 

If a body is caused to move against the action of a force, 
work is said to he done upon U; M 9, body moving under the 
action of a force overcomes resistance, it is said to do work. 
When the heavy weight of a pile-driver is raised, in opposition 
to gravity, work is done upon it ; when it descends, and drives 
the pile into the earth, it does work. A man who merely sup- 
ports a load does no work in the sense in which the term is used 
in science, because, although he offers a resistance, he produces 
no motion. If the planets move in space without meeting with 
any resistance, they do no work. A force may act for an in- 
definite time without doing any work; for instance, when no 
motion is produced ; hxxt wlienever force o/cts through space ^ wm^k 
is done. Resistance and spojce^ then, are essential elements of 
work. A horse, in drawing a load along a road, does a certain 
amount of work, which depends on the resistance against which 
he moves and the space traversed. A fiying bullet pierces a 
plank ; the work done is estimated by considering both the dis- 
tance it penetrates and the resistance offered by the cohesion 
between the molecules of the wood. 
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§ 89. Unit of work. — Work is measured by a unit of its 
own kind, which may be chosen at pleasure. The unit of work 
adopted by the French is the work done in raising 1^ through 
a vertical hight of I"'. It is called a hUogrammeter (ab- 
breviated ^^). The English unit of work is that done in 
raising one pound one foot, and is called a foot-pound. The 
kil(^ammeter is about 7^ (more accurately, 7.238) times greater 
than the foot-pound. Now, since the work done in raising 1*^ 
1" high is 1*«", the work of raising it lO" high is 10^«", which is 
the same as the work done in raising 10^ 1*" high ; and the same, 
again, as raising 2^ 5*° high, or 5^. 2"" high. In fact, multiply the 
Ttumber of Mlograma raised by the number of msters they are 
raised^ and tJie product is the work done. 

There are many other kinds of work besides that of raising 
weights. But as all work consists in producing motion against 
resistance, and since, with the same resistance, the work of pro- 
ducing motion in any other direction is just the same as in a 
vertical direction, it is easy, in all cases in which the two elements 
of any species of work (viz., resistance and space) are known, to 
find the equivalent in work done in raising a weight vertically. 
By thus securing a common standard for measurement of work, 
we are able to compare any species of work with any other. 

For instance, let us compare the work done by a man in sawing 
througli a stick of wood, whose saw must move 10"* against an average 
resistance of 12^ with that done by a bullet in penetrating a plank to a 
depth of 2^^ against an average resistance of 200^. Moving a saw 
10"» against 12^ resistance is equivalent to raising 12^ 10»" high, or 
doing 120'«" of work; a bullet moving 2^^ against 200^ resistance does 
as much work as is required to raise 200^ 2^ high, or 200 X .02 = 4^k™ 
of work. 120 -f- 4 = 80 times as much work done by the sawyer as by 
the buUet. 

§ 90. Rate of doing work. — In estimating the total 
amount of work done, the time consumed is not taken into con- 
sideration. The work done by a hod-carrier, in caiTying 1,000 
bricks to the top of a building, is the same whether he does it in 
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a day or a week. But in estimating the power of any agent to 
do work, as of a man, a horse, or a steam-engine, in other words, 
ike rate at which it is capable of doing work, it is evident that 
time is an important element. The work done by a horse, in 
raising a barrel of flour 20 feet high, is about 4000 ft.-lbs. ; 
but even a mouse could do the same amount of work in time. 
The unit in which rate of doing work is usually expressed is a 
horse-power. Early tests showed that a very strong horse may 
perform 33,000 ft.-lbs. of work in one minute. So 1 horse- 
power = 33,000 ft. -lbs. per minute = 550 ft.-lbs. per second = 
about 4570^*° per minute = about 76"*" per second. 

§ 9L Energy. — The energy of a body is its capacity of 
doing work, and is measured by the work it can do. Doing 
work tiStuzUy consists in a transfer* of motion, or energy, from 
the body doing work to the body on which work is done. Wher- 
ever we Und matter in motion, whether in the solid, liquid, or 
gaseous state, we have a ceitain amount of energy which may 
often be made to do usefVil work. 

§ 92. Potential and kinetic energy. — Place a stone, 
weighing (say) lO*', on the floor before you ; it is devoid of 
energy, powerless to do work. Now raise it, and place it on a 
shelf (say) 2" high ; in so doing you perform 20^«™ of work on 
it. As yoalook at it, lying motionless on the shelf, it appears 
as devoid of energy as when lying on the floor. Attach one end 
of a cord 3"' long to it, and, passing it over a pulley, wind 2"* 
of the string around the shaft connected with a sewing-machine, 
cofflee-mill, lathe, or other convenient machine. Suddenly with- 
draw the shelf ^m beneath the stone. It moves, it sets in 
motion the machine, and you may sew, grind coffee, turn wood, 
etc., with the power given to the machine by the stone. 

Surely, the work done on the stone in raising it was not lost ; 
the stone pa^'s it back while descending. There is a very im- 
portant difference between the stone lying on the floor, 9- ' 
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Btone lying on the shelf: the former is powerless to do work ; 
the latter can do work. Both are alike motionless, and yon can 
see no difference, except an advantage that the latter has over 
the former in position. What gave it this advantage? Work. 
A body^ then, may possess energy due merely to advaittaoe of 
POSITION, derived always from work bestowed upon it. So a body 
at rest is not necessarily devoid of energy. In the stone Ij'ing 
passively on the shelf there exists a power to do work as real as 
that possessed by the stone which, falling freely, has acquired 
great velocity. 

We see, then, that energy may exist in either of two widely 
different states, and yet be as real in one case as in the other. 
It may exist as a^stual Ttwtion^ either visible, as in mechanical 
motion, or invisible, as in the molecular motions called heat ; or 
it may exist in a stoi'ed-up condition^ as in the stone l3ing on the 
shelf. In the former case it is called kinetic (moving) or actual 
energy ; in the latter, it is called potential energy, or energy of 
position. 

We are as much accustomed to store up energy for ftiture use 
as provisions for the winter's consumption. We store it when 
we wind up the spring or weight of a clock, to be doled out 
gradually in the movements of the machinery. We store it 
when we bend the bow, raise the hammer, condense air, and 
raise any body above the earth's surface. 

How, then, is energy stored in a body ? Only at the expend 
of work done upon it. The force of gravitation is employed to 
do work, as when mills are driven by the power of falling 
water ; but the water is first deposited on the hillside by the 
energy of the sun's heat. Elasticity of springs is employed as 
a motive power ; but elasticity is due to an advantage of position 
which the molecules of springs have acquired in consequence of 
force applied to them. 

We conclude, then, that a body possesses potential energy 
when^ in virtue of work done upon it^ it occupies a position of 
advantage, or its molecules occupy positions of advantage, so ikaJt 
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the energy esBpended can be at any time recovered by tlie return 
of the body to Us original poaitiony or by the return of its mole* 
cules to their original positions. 

§ 93l Bnergy oontrasted with momentum. — Problem. 

A bnllet weighing 808 is shot with a velocity of 98» per second ftrom a 

gun weighing 4^ ; required the momentum and the energy of both the 

bullet and the gun, and the velocity of the gun. Solution : Using the 

kilogram, the meter, and the second as units, the momentum of the 

ball is .03 X 98 = 2.94 units. If the ball were shot vertically upward, 

98 
its velocity would diminish 9.8™ per second; so it would rise— -= 10 

9.0 

seconds, and, therefore, before its energy is expended, to a hight 
of (§ 78) 4.9« X 10* = 490«. Hence, its energy at the outset is 
.03x490= 14.7*8™. Similarly for the gun, by the third law of mo- 
tion its momentum must be just the same as that of the ball, 2.94 
units; its velocity is therefore 2.94 -r- 4 = .735™ per second. Then 

785 
T=^---= .075 second; the hight (supposing the gun to be raised vertl- 

caUy by the impulse received) = 4.9 x •075* = .02766™ ; and its energy 

= 4 X .02766 = .1102>'«™. 

While, therefore, the momenta generated in the two bodies by the 

14 7 
burning of the powder are equal, the energy of the bullet is -^-^ = 133^ 

times that of the gun. (Why are the effects produced by the bullet 
more disastrous than those produced by the recoil of the gun?) 

§ 94;^ Formula for energry. — We can find, as in the above 

example, to what vertical hight a body having a given velocity 

would rise, and thus in all cases determine its energy ; but a 

formula may be obtained which will give the same result with 

less trouble: thus, substituting ^ for A; in Formula 1 (§78), 

y=2gT; hence, ^ ^2 

T = l,orT«=5L. 

9 9^ 

• 

Again, S = ^^T^ ; substituting the value of T^ in this equation, 
we have ^2 ^% 

* g* 2g 
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But energy ssWS (weight into iiight) ; substituting for S in 
this equation its value, we have, 

(1) Energy = i^. 

Farther on, we shall see that W » M^ ; substituting for W in 
the last equation its value, we have, also, 

(2) Energy = ^*. 

It is evident that, when the weight (W) or mass (M) of a body 
remains the same^ Us energy is proportioned to the square of Us 
velocity y while Us momentum^ as we have learned, is proportional 
to its velocity. In other words, the effect of increasing the velocity 
of a moving body would seem to be to increase its working power 
much more rapidly than its momentum. Is this practically true? 

Ebcperlment. Fill an ordinary water-pail with moist clay. Let a 
leaden bullet drop upon the clay Arom a hight of .5™. Then drop the 
same bullet flrom a hight of 2", or four times the former hight, in order 
that it may acquire twice the velocity. In the latter case it penetrates 
to four times the depth that it did in the former. 

So it appears that the energy of a moving body varies^ not as 
its velocity, but as the square of its velocity. Doubling the 
velocity multiplies the energy fourfold; trebling the velocity 
multiplies it ninefold, and so on ; but the corresponding mo- 
mentum is multiplied only twofold, threefold, etc. A buUet 
moving with a velocity of 400 feet per second, will penetrate, 
not twice, but four times, as far into a plank as one having a 
velocity of 200 feet per second. A railway train, having a 
velocity of 20 miles an hour, will, if the steam is shut off, con- 
tinue to run four times as far as it would if its velocity were 10 
miles an hour. The reason is now apparent why light sub- 
stances, even so light as air, exhibit great energy when their 
velocity is great. 

§ 96l Measure of a fbroe. — Commonly we measure forces 
by a spring balance, and sa}- that the force, for instance, with 
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which a horse draws a wi^n is 50^ ; that is, a spring interposed 
between the horse and the wagon is stretched just as much as it 
would be by the force of gravity acting on a mass of 50^ hung 
from the spring. But often it is impossible to measure the 
force except by the motion it produces. Experience has shown 
that a useful and accurate measure of a force is tJie momentum it 
produces or destroys in a second; if the body is already in mo- 
tion, we must say the change ofmx>mentum produced in a second. 

For example, gi'avitj- we know will impart in three seconds, 
to a body having a mass of (say) 5*, and free to fall, a velocity 
of 3 X 980*^ per second ; that is, the momentum generated is 
5 X 3 X 980. Then, by definition above, the measure of the 
force of gravity on the body is f^^^^^^o _ 5 ^ 980. When the 
centimeter, gram, and second are taken as the units of length, 
mass, and time respectively, the system of units of measurement 
based on them is called the C.G.S. system, and in it the unit 
of force is called a dyne. 

A dyne is that force which, acting for a second, wUl give to a 
gram of matter a velocity of one centimeter per second. In the 
example above we have a force of 5 x 980 = 4900 dj^nes. 

We can almost as easily graduate a spring balance to indi- 
cate forces in dynes as in pounds ; and then we have a unit 
which is constant wherever we go on the earth or above it. 
(Compare § 21.) 

The gravity unit of force is the weight of any unit of mass, 
e.g., a gram, kilogram, pound, or ton. In distinction from 
gravity units, the C.G.S. units are called absolute units. Gravity 
units are easily changed to absolute units ; thus in the Northeni 
States the force of gravity acting upon 1« of matter free to fall 
will give it an acceleration of velocity of 980"" per second ; hence 
in these latitudes the gravity unit is equal to 980 absolute units. 

Returning to our example, represent 5*, the mass of the body 
moved by M ; by g, 980"" per second, the acceleration produced 
by gravity ; and by W, the weight, or F, the force : tlieu 

W = F = M^. 



126 DTNAKIOS. 

The equation is a general one ; that is, whenever any two of the 
three quantities specified are known, the third may be computed. 

If the force acts, not against gravity, but against resistances 
considered as constant, such as the forces shown in cohesion, 
elasticity, etc., the equation will still be true, only g should be 
replaced by some other letter, as a. 

Now let us learn what is the 

§ 96. Measure of the effect of a force. — One measure we 
know already, — the product of the force into the distance 
through which it acts; that is, the work done, or the energy 
imparted to the body moved, is a medsure of the effect of a force. 
If the force is measured in dynes, and the distance is centi- 
meters, the work done will be expressed in a C.G.S. unit called 
an erg. An erg is the work done or energy imparted by a force 
of one dyne working through a distance of one centimeter. Be- 
sides the erg we have the common gravitation units, the kilo- 
grammeter, and foot-pound ; that is, we have another measure just 
as we may have various kinds of measures for common things ; 
just as, for instance, we may express lengths in inches, meters, 
or miles ; masses, in grains or pounds, etc. 

Experiment 1. Suspend by a long cord a heavy body, — IQi^ or more, 
— and with a string attached to the body draw it to one side, pulling 
for two, four, and six seconds, and let go. The longer you pull the 
greater is the velocity given to the body, provided it is not moved far 
from its place of rest. 

Experiment 2. Suspend by a string 1"* long a stone whose mass is 
(say) 5^. Attach to the stone a No. 36 cotton thread ; this will sup- 
port about 1^. Pull the baU slowly to one side ; when it has been 
drawn about 20<^ from its place of rest, the thread will break and the 
ball will swing back to the other side like a pendulum, and so when it 
passes through Its lowest point it has a definite momentum. 

Attach new pieces of thread, and pull more and more quickly, break- 
ing the thread each time ; the motion produced is less and less. As 
the string is straightened the pull on it increases fh>m zero to 1^ ; so 
the average force each time is about the same ; in gravitation units, 
nearly or exactly \K Here, as before, toith the same forces the momeu- 
turn produced varies as the time during which the farce acts. 
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But if we use stronger and stronger threads, we may pull more and 
more quickly than at first, and yet give to the ball just the .same mo- 
mentum as at first J that is, the effect of a greater force acting for a 
shorter time is to produce the same momentum. 

So far then 843 our experiments go, they teach that the product 
of a force into the time it acts, or the momentum produced^ is a 
measure of the effect of a force. We may draw the same conclu- 
sion from our last equation, F = Mgf : multiply both sides by T, 
the time during which the force acts, and we have FT = M^T 
= MV = Momentum (§ 86). If T equals one second, we see 
that the momentum of a moving body is the measure of the force 
that would in one second give it this motion. It is evident 
that if motion is to be produced by a force acting for a verj' 
short time, the force must be enormous. 

We have, then, two measures of the effect of a force, — mo- 
m£ntum and energy. The first is found by multiplying the force 
by the tims it acts ; the second, by multiplying the force by the 
^pcice through which it acts. The latter can also be found by 
multiplying the momentum by one-half the velocity. One is 
MV ; the other is ^MV^. Which is the correct measure? Both 
are correct ; so the question now is. Which is the more useftil ? 
Experience shows that momentum is a useful measure only in 
cases where the force acts all the time in the line of motion, as 
in falling bodies, or where it acts for so short a time that the 
body does not sensibly change its position during the action, as 
in the cases of a blow, a jerk, collision between balls, etc. 
Experience further shows that energy in aU cases gives a useful 
measure. 

§ 97. Summary of meohanical units, and formulas for 
their determination.^ — The following tables show the quanti- 
ties measured, the unit of each in the C.G.S. system, and the 
formulas for the determination of the derived quantities : — 

1 It is not expected that pupils of the ordinary high school wiU master this sec- 
tion; yet they may ft«quent1y find it convenient for reference, while the more 
advanced student cannot ftiil to be greatly profited by its carelUI study. 
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FUNDAMENTAL QUANTITIES AND UNITS. 

Length (L or S) 1«». 

Mass (M) IK. 

Time (T) 1 sec. 

DERIVED QUANTITIES, UNITS, AND FORMULAS. 
Velocity (V) = rate of motion ; unit, !«» per sec. ; in uniform motion, 

V = |- (1) 

Acceleration (A) = rate of change in velocity ; unit, an increase of 

velocity in 1 sec. of 1*^ per sec. ; body starting from rest under 

V 
constant force, A = ~ . (2) 

Force (F) ; unit, 1 dyne = a force that in 1 sec. imparts to U a velocity 
of l«n per sec. ; . •. F = M A. (3) 

Work or Energy (E) ; unit, 1 erg = the work done by I dyne working 
through 1«°; .-. E = MAS = FS. (4) 

Rate of doing work, or Work Power (P) ; unit, 1 erg per sec. ; 

P=¥- (5) 

Momentum; unit, 1« moving with a velocity of 1^™ per sec, or that 

produced by 1 dyne in 1 sec. ; Momentum = M V. 

MV 
From (2) and (3) we have the very useful equations, F = -=- and 

FT 

V= — . (6) and (7) 

A body, mass M, acted upon by the force F, starting Arom rest will 

FT 
acquire in time T a velocity V = -rjr • The acceleration, which 

from (3) is = — , is a constant quantity, and the whole space 

passed over will be equal to the time T multiplied by the mean 
velocity. The latter is one-half the final velocity ; hence, mean 

F T FT* 

V = r-rr, and S = -rrri (an equation of great importance) . (8) 

To find an expression for the energy of a moving body combine (4) and 
W: W = yjj-; butFT = MV, .•.E = ^. (9) 

Anywhere in the Northern States, the weight of !« = 980 dynes. 
Ikgm = 98,000,000 ergs ; 1 foot-pound = 13,650,000 ergs. 
1 horse-power = 447,000,000,000 ergs per min. 

§ 96. Transformation of energry. — In the operation of 
raising the stone (§ 92) , kinetic enei*gy is transformed into poteu- 
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tial energy. During its descent it is re-transformed into kinetic 
energy. If, instead of being attached to machinery, and thereby 
made to do work, the stone is allowed to fall freely, it acquires 
great velocity. On striking the ground, its motion as a body 
suddenly ceases, but its molecules have their quivering motions 
accelerated. Mechanical motion is, thereb}', transformed into 
heat. We shall often have occasion to examine the transforma- 
tions of energy, as into electric energy, heat, etc., but never of 
momentum. We shall study Joule's equivalent (page 174), 
expressing the relation between the unit of energy, or work, 
and the unit of heat ; but it is certain that there is no relation 
between the latter and the unit of momentum. 

§ 99. Physics defined. — All physical phenomena consist 
either alone in transferences of energy from one portion of 
matter to another, or in both transferences and transformations 
of energy. Transformations may be from one condition of 
energy to another, as from kinetic to potential ; or from one 
phase of kinetic energy to another, as from mechanical motion 
to heat; or both may occur, as when the falling stone does 
work, a part of its energy being expended in producing mechan- 
ical motion, and a part being transformed into heat, occasioned 
by friction of the moving parts. 

Physics is that branch of natural science ivhich treats of trans- 
ferences and transformations of energy. It does not, however, 
in its usual limitation, include a group of phenomena which occur 
outside the earth, and also a group whose essential character- 
istic is an alteration in the nature of tlie material considered. 
The study of the former group is the object of Astronomy; of 
the latter, that of Chemistry, 

QUESTIONS AND PROBLEMS. 

1. Does the energy expended in raising the stones to their places in 
the Egyptian pyramids still survive? 

2. What kind of energy is that contained in gunpowder? 

8. What transformation of energy takes place in burning coal? 

4. When steam works by expansion, its temperature is reduced. Why? 
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5. How much work is done per hour If 80^ are raised 4™ per minute? 

6. (a) What energy must be imparted to a body weighing 50k that it 
may rise 4 seconds? (fi) How many times as much energy must be 
imparted to the same body that it may ascend 5 seconds? (c) Why? 

7. Compare the momenta, in the two cases given In the last question, 
at the instants the body is thrown. 

8. How much energy is stored in a body which weighs 60^, at a 
hight of 80™ above the earth's surface? 

9. How much energy would the same body have if it had a velocity 
of 100" per second? 

10. Suppose it to fall in a vacuum, how much kinetic energy would 
it have at the end of the fourth second? 

11. If it should foil through the air, what would become of a part of 
the energy? 

18. A projectile weighing 25*^ is thrown vertically upward with an 
initial velocity of 29.4™ per second. How much energy has it? 

18. What becomes of its energy during its ascent? 

14. (a) Compare the momentum of a body weighing 50^, and having 
a velocity of 2™ per second, with the momentum of a body weighing 
60«, having a velocity of 100" per second, (ft) Compare their ener- 
gies. 

16. Which, momentum or energy, will enable one to determine the 
amount of resistance that a moving body may overcome? 

16. Explain how a child who cannot lift 30^ can draw a carriage 
weighing 160*^. 

17. A car weighing 6000^ is drawn by a horse with a speed of 100" per 
minute. The index of the dynamometer to which the horse is attached 
stands at 40^. (a) At what rate is the horse working? (J>) Express 
the rate in horse-powers. (See § 90.) 

18. A dynamometer shows that a span of horses pull a plow with 
a constant force of 70*^. What power is required to work the plow if 
they travel at the rate of 3^" per hour? 

19. What horse-power in an engine will raise 1,860,000^ 6" in an 
hour? 

80. How long will it take a 3 horse-power engine to raise 10 tons 50 
feet? 

81. How far will a 2 horse-power engine raise 1000^ in 10 seconds? 
88. How much work can a 5 horse-power engine do in an hour? 

88. How long would it take a man to do the same work, the amount 
of work a man can do in a day being about 90,000^8"? 

84. If you would increase the energy of a moving body fourfold, 
how much moat you increase its velocity? 
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§ 100. Ubob of maohines. — Exp«riinent i. Obtain from « 
Iiardnare store two or three pnlley s, and amnge appamtna aa Id Figure 
96. The djnamometers a and b read 4 lbs. each, showing that the 
power (F) employed to support each weight (W) of 8 lbs. Ib Jnst 
ono-half of the weight.' If tbe power applied in each instance is 
slightly increased, the weights will rise. Raise each of the weights 
and measure tbe distances traTereed respectlTely by W and P In each 
instance. It will be found that the distance that W moves Is just one- 
half the distance that P moves; i.e.. If W rises 2 ft., P mnet move 4 
ft. Now, 8 (lbs.) X a (ft) = 16 footpounds of work done on W. 
Again, 4 (lbs.) x 4 (ft.) = 16 foot-pounds of work performed by P. 
It thus seems that the work applied by the power is Just equtU to the 
work done upon the weight. 
What advantage is derived 
from tbe use of the apparatus? 
It baa been proved that no ad- 
vantage is gained, so far as tbe 
amount of work is concerned. 
Bntsnppose that W t9 400lbs., 
and tliat tbe utmost power (P) 
that one man can exeH Is 200 
lbs. Then, without this ap- 
paratus, the services of two 
men would t>e required ) where- 
as one man could r^e the 
weight with the apparatus. 
The advantage g^ed in this 
case would seem to be one of 



Kxperiment 2. Let P and 

W of A exchange places. The 

index of the dynamometer a 

now reaches 16 lbs. There 

seems to be in tbia case a loss 

of power, for a power of 16 

lbs. is only able to sustain a weight of 8 lbs. But ao ftir no work 

has been done. (Why?) Halse W, and measure the distance trav- 

ereed respectively by P and W. P moves only 3 ft. for every 4 ft 

that W moves. Now. 2 (ft.) x 16 (lbs.) = 83 foot-pounds of work 

< A Bmall allow ftnce muBt be made (br tbe weight of ttae movable pollejv. 
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done by P. And 4 (ft.) x 8 (lbs.) = 32 foot-pounds of work done 
upon W. We thus learn that, wheu the power is employed in doing 
work, there is really no loss of power in this method of applying the 
apparatus. Is there any advantage gaiued in this case by the use of 
apparatus? We found that W moved twice as far, and consequently 
with twice the velocity, that P moved. 

It thus appears that, if it should be desirable to move a weight with 
greater velocity than it is possible or convenient for the power to 
move, it may be accomplished through the mediation of a machine, by 
applying to it a power proportionately greater than the weight. This 
apparatus is one of many contrivances called machines, through the medi- 
ation of which power can be applied to resistance more advantageously 
than wJhen it is applied directly to the resistance. Some of the many 
advantages derived ftrom the use of machines are : — 

(1) They may enable us to overcome a large resistance with a compara- 
tively »mall power by causing the power to move through a proportionately 
greater distance^ (i.e. toith greater velocity) ; or, conversely ^ they may enable 
us to secure great velocity (i.e. to do work with great speed) by employing 
a power proportionately greater than the resistance. 

(2) They may enable us to employ a force in a direction that is more 
convenient than the direction in which the resistance is to be moved. 

Pig. 97. (3) They may enable us to employ other forces 

than our own in doing xoork ; e.g., the strength 
of animals, the forces of wind, water, steam, 
etc. (How are the last two uses illustrated in 
Figure 97 ?) 

§ 101. Law of machines. — Let P 
be the power applied to a machine, p 
the distance through which it moves in 
a given time, W the weight moved or 
external resistance overcome, and w the 
distance through which it is moved in 
the same time ; then the mechanical work 
applied to the machine is Vp {e.g.^ 
in kilogrammeters or foot-pounds), 
and the mechanical work done by 
the machine is Wio. Now we have 
learned from the aboye experiments that {\)Vp = Wtc;. 
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Hence we have for all machines, without exception, the follow- 
ing general law : The work applied to a machine is equal to the 
work done l^ the machine. 

No machine, therefore, creates or increases energy. No ma- 
chine gives back more energy than is spent upon it. P can be 
made as small as we please by taking p great enough : in this 
case we see that in proportion ae power is gained^ time^ distance^ 
or velocity is lost. On the other hand, W remaining the same, 
w (the distance traversed by W in a given time, i.e., its velocity) 
may be increased indefinitely by taking P large enough : in this 
case, as velocity ^ time^ or space is gained^ power is lost, A ma- 
chine, then, is much like a bank : it pays out no more than it 
receives. A biEink will give you in exchange for a fifty-dollar 
note fifty one-dollar notes; or, for fifty one-dollar notes, de- 
posited successively, it will return to you a fifty-dollar note. In 
a similar manner, if you apply to a machine a power sufficient 
to move 50 lbs. 1 ft., you may get from it the ability to move 
1 lb. 50 ft. ; or, if you apply to a machine a force of 1 lb. suc- 
cessively through 50 ft. of space, you may get from it the ability 
to move 50 lbs. through 1 ft. of space. 

In our discussion hitherto we have ignored the internal resist- 
ances, chiefly due to friction, which exist in every machine. The 
whole work done by a machine is practically divided into two 
parts, — the useful part and the wasted part ; the former, ex- 
pressed as a fraction of the whole, is usually called the efficiency 
or modulus of the machine. But energy is indestructible. That 
portion of the visible enei^ that is apparently destroyed by 
friction is transformed into heat, which is wasted, so far as the 
work to be done by the machine is concerned. Let I represent 
internal toork performed in the machine, i.e., the wasted work, 
and Ww the external work; then our general formula for 
machines, as modified in its practical applications, becomes 

(2) Yp = Ww + l; 
that is, th£ work applied to a ma/ihine is equal to the effective 
workj plus the internal work, done by the machine. So that, so 



184 



DTKAMICS. 



ns.M 



far from any maobine being a source of power, as is Bometiroes 
erroneously supposed, no machine practically retorna as mncli 
power as is applied to it. 
By division, Formula (1) Pp = Wtc becomes 

« |=£^ 

i.e., weight : power : : (Ac distance through which the power 
movea : the diatance through which the wetgJU is moved in the 
same time. Prob- 
lems pertaining to 
machines may gen- 
erally be solved by 
Formula (8), and 
afterwards suitable 
allowances may be 
made for the in- 
ternal work done. 
Thus, suppose that 
P (Fig. 99) in 10 
lbs., and it is re- 
quired to find what 
weight (W) it will 
raise. By experi- 
ment we find that F 
travels 8 ft. while 
W travels 4 ft. 
Then, x (W) : 10 
(P)::8(i)):4(m); whence sb = 20 lbs. The 20 lbs. in Wis just 
sufficient to balance the 10 lbs. in P ; anything leas than 20 lbs. 
will be raised. 

It is to be observed that, as we saw on page 119, work is not 
always, or even usually, expended in raising a weight, but in 
overcoming resistance of any kind ; so we may interpret Formula 
(3) thus ; resistance : power : : the distance through which the 
power moves : the distance through which the resistance is over.- 
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QUESTIONS AND PROBLEMS. 

I. If the power applied to any machine Is 3^, and It moves with a 
Telodt; of ]0> per second, with what velocity can It move a reslstftuce 
oflO^? To how great a load tsonld It give a velocity of 50™ per second? 

fl. A power of 50^, moving throogh a space of 10(P>, la capable of 
moving how many kilograms through a space of 2~T What advantage 
wonld be gained by the use of the machine ? 

8. Watch the movementB of the foot in working tbe treadle of a 
-ttswiug-macMne, also the movements of the needle in sewing, and 
determine what mechanical advantage Is gained by the machine. 

i. Arrange three levers, as in Figure 98; and, c«lling the distance 

(ob) of the power flrom the prop the pmeer-arm of the lever, and the 

distance (6c) of the weight from the prop the aeiglU^Tm, verily by 

experiment the following special formula for levers : — 

W_£ _ power -arm 

P u welght-orm 

M.B. — BqDiUbiluiD must Orat be eitabllBhed betweeo the two uiiib of Iha lint 

kiTcr. by pladng weights on tho short arm. 

5. Ascertain the advantage that may be gained by each lever. 

6. A lever is 76™< long ; where must the prop be placed in order that 
»powerof Skat one ^^ 

end may move 4^ at 
the other endF What 
will be the pressure 
on tlie prop? 

7. Show that the 
results obtained In 
the last problem are 
consistent with the 
third law of parallel 
forces (page 96). 

S. What advantage 
Is gained by a lever, 

when its power-arm 

in lon^r than its welght^rm? What, when its weight-arm Is longer? 

9. Two weights, of 5^ and 80*, are suspended from the ends of n 
lever TO™ king. Where most the prop be placed that they may balance? 

10. What mechanical advantage U gained by a lemon-aqneeier? 

II. If P (Fig. M), weighing 1 lb., Is suspended 16 spaces from the 
fulcrum of the steelyard, what weight (W) suspended 8 similar spaces 
the other side of Uke fulcrum will balance it? 
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IB. Uow woald jon wel^ oat 8 D». of tea with the same BteelT&rdf 

15. If the circumference of the ule, Figure 100, le 60™, and the 
power applied to the crank traveLs 210™ during each rerolation, what 
power will be necessary to raise the bncket of coal weighing (sar) 40^! 

It. How many meters must the power travel (Fig. 100) to raise the 
bncket from a carlty 10° Aevpt 

IB. (a) In the train of wheels (Pig. 101), If the circamference of 
e\g_ 100. the wheel a Is 36 tn., and that 

of the pinion b is 4 in., a power 
of 1 n>. at P will exert what 
force on the drcamference of 
the wheel dJ (b) If the cir- 
cumference of the wheel d be 
SO In., and that of the pinion e 
6 In., the power of 1 lb. at F 
will exert what force on the 
circumference of the wheel/7 
(c) If the circumference of the 
wheel / l>e 40 In., and that of the axle e 8 In., how many pounds in W 
will be necessary to prevent motion of the train of wheels, when P 
weighs I lb. ? (d) If W has a 
velocity of 6 ft, per second, 
what will be Fs velocity? 

16. Prepare a special for- 
mula for the solution of prob- 
lems pertaining to the wheel 
and axle. 

17. The weight W (Fig. 
102), in traversing the in- 
clined plane AB, only rises 
through the vertical hlght CB, 
while P must move through a 
distance equal to AB. Let 
L represent the length of an 
Inclined plane, and H its hlght. 
and prepare a. special formu.a 

for the solution of problems pertaining to the inclined plane. 

la. A skid 13 ft. long rests one end on a cart 8 ft. high, and the 
other end on the ground. What force must a bo; exert while rolling a 
barrel of flour weighing 300 lbs. over the skid into the cart? 

16. Uurlng one revolution a screw advances a distance eaual to the 
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dlstaoce between two tarns of the thread, measured In the direction of 
the aris of the screw. Suppose the screw In the letter-press, Flgnre 
103, to advance J In. at each revolution, and a power of 2G lbs. to be 
applied to the circnmference of the wheel b, whose diameter Is 14 in. 
What pressure would be ex- 
erted on articles placed be- 
neath the screw. [The cli^ 
cnmference of a circle Is 
S.U16 times its diameter.] 
M. The toggle-Joint (Fig. 
104) Is a machine employed 
where great pressure has to 
be exerted through a small 
space, as Id punching and 
shearing Iron, and In prlnt- 
iDg-presaes, In pressing the ^pes forcibly ag^nst the paper. 
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illnstratlon may be found In the 
Joints ^used to raise carriage-tops. 
Force applied to the pjg 104 
Joint e win canse 
the two links ae and 
be to be straight- 
ened, or carried for- 
ward to a, while the 
guides move through 
a distance eqnal to 
(ac + 6c) - 06. If 
dc = 10™, ab = 98™. 
and ac+ be= 100™, 
then a foTce of 80i iqtplled at c would exert what average pressure 
un obstacles in the path of the gnldes? 

SI. Show that the hydrostatic press, page CG, conforms Id its oper- 
ation to the general law of machines. 
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XVn. WHAT HEAT IS.— SOME SOURCES OF HEAT. 

In the preceding pages the theory of heat has been several 
times anticipated ; we are now better qualified to judge of its 
truth or falsity. 

§ 102. Mechanical motion convertible into heat. — Ex- 
pertments. Hold some small steel tool upon a rapidly revolvliig dry 
grindstone; a shower of sparks flies from the stone. Place a ten- 
penny nail npon a stone and hanuner it briskly ; it soon becomes too 
hot to be handled with comfort, and we may conceive that if the 
blows were rapid and heavy enough, it might soon become red hot. 
Rnb a desk with your flst, and your coat-sleeve with a metallic but- 
ton ; both the rubbers and the things rubbed become heated. 

You observe that in every case heat is generated at tiie ex- 
pense of work or mechanical motion, i.e., mechanical motion 
checked becomes heat. When the brakes are applied to the 
wheels of a rapidly moving railroad train, its motion is all con- 
verted into heat, much of which may be found in the wheels, 
brake-blocks, and rails. The meteorites, or ^^ shootiog-stars," 
which are seen at night passing through the upper air, some- 
times strike the earth, and are found to be stones heated to a 
light-giving state. They become heated when they reach our 
atmosphere, in consequence of their motion being checked by 
the resistance of the air. 

§ 103. Heat convertible into mechanical motion. — 
Experiment. Take a thin glass flask A, Figure 105, and half fill it 
with water; flt a cork air-tight* in its neck. Perforate the cork, 

1 A good way to make a cork air-tight is to soak it in melted paraffioe. 



HEAT DBFIHBO. 189 

Insert a glaos tube beot u 1ndlcftte<l In the figure, and extend it into 
the water. Applj heat to the flaak ; soon the liquid rises In the tube, 
and flows from Its upper end. 

Here beat produces mechanical motion, and does woi^ ia rais- 
ing a weight in opposition to gravity. Every steam engine is a 
heat engine. All the power of steam consists j^g ^qj 
in its heat. The steam which leaves the cylin- 
der of an engine (see jiage 17G), after it has 
set the piston in motion, ia cooler tiian when 
it entered, and coo^ I'n proportion to the work 
done. Furthermore, it wlQ be shown (pi^ 174) 
that heai and vjork are so related to each other 
that a definite quantOg of the one i» aivmys equai 
to a de_finUe quantity of the other. 

Now, when the appearance of one tiling is so 
connected with the disappearance of another, 
that the quantity of the thing produced can be 
calculated from the quantity of that which dis- 
appears, we conclude tbat the one has been 
formed at the expense of the other, and that 
they are only diferent forms of the same thing. 
We have, therefore, reason to believe that fteoi is of the same 
nature as medianicai energy, i.e., it is only another form of 
kinetic energy, 

S 104^ Heat defined. — A body loses motion in communi- 
cating it (page 88). The hammer descends and strikes the an- 
vil ; ito motion ceases, but the anvil is not sensibly moved ; 
the only observable effect produced is heat. Instead of the pro- 
gressive motion of the hammer as a wAofe, there is now, accord- 
ing to the modem view, an increased vibratory motion of the 
maiecides that compose the hammer, — a mere change of motion 
in kind and locality. Of course, this latter motion is invisible. 
The conclusion is that heat is molecular motion. A Iiody is heated 
by having the motion of its molecules quickened, and cooled by 
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parting with some of its molecnlar motion. One body is hotter 
than another when the average energy of each molecule in it is 
greater than in the other, 

§ lOSi Heat generated by chemical action.— Bzperl- 
ment. Take a glass test-tube half full of cold water, and pomr into it 
one-fourth its volume of sulphuric acid. The liquid almost instantly 
becomes so hot that the tube canuot be held iu the hand. 

When water is iK)ared upon quicklime heat is rapidly devel* 
oped. The invisible ox^'gen of the ah* combines with the vari- 
ous fuels, such as wood, coal, oils, and illuminating gas, and 
gives rise to what we call burning or combustion^ by which a 
large amount of heat is generated. In all such cases the heat 
is generated by the combination or clashing together of mole- 
cules of substances that have an affinity (i.e., an attraction) 
for each other. Before their union they are in the condition 
of a weight drawn up ; while approaching each other, they are 
like the falling weight; and when they collide, their motion, 
like that of the weight when it strikes the earth, is converted 
into heat. The chemical potential- energy of the molecules is 
converted, in the act of combination, into kinetic enei^,— into 
molecular motion. 

§ 106. Origin of animal heat and muscular motion. — 
The plant finds its food in the air (principally the carbonic acid 
in the air) and in the earth in the condition of a fallen weight ; 
but, by the agency of the sun's radiation, work is performed upon 
this matter during the growth of the plant ; potential energy is 
stored in the plant, — the weight is drawn up. The animal now 
finds its food in the plant, appropriates the eneigy stored in 
the plant, and converts it into energy of motion in the form of 
heat and muscular motion. The plant, then, may be regarded 
as a machine for converting energy of motion received from the 
sun into potential energy ; the animal, as a machine for trans- 
forming it again into the energy of motion. 
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§ 107. The sun as a source of enersry. — Not onlj^ is the 
sun the source of the energy exhibited in the growth of plants, 
as well as of the muscular and heat energy of the animal, but it 
is the source, directly or indirectly, of very nearly all the eneigy 
employed by man in doing work. Our coal-beds, the results of 
the deposit of vegetable matter, are yast storehouses of the sun's 
enei'gy, rendered potential during the growth of the plants many 
ages ago. Every drop of water that falls to the earthy and i*olls 
its way to the sea, contributing its mite to the unbounded water- 
power of the earth, and every wind that blows, derives its power 
directly from the sun. 

XVIII. TEMPERATURE. 
§ 1061 Temperature defined. — If body A is brought in 
contact with body B, and A loses and B gains in heat, then A is 
said to have had originally a higher temperature than B. If 
neither body gains or loses, then both had the same tempera- 
ture. Temperature is the state of a body with reference to its 
power of communicajting heat to or receiving heat from other 
bodies. The direction of the flow of heat determines which of 
two bodies has the higher temperature. 

§ 109. Temperature distingruished firom quantity of 
heat. — The term temperature has no reference to quantity of 
heat. If we mix together two equal quantities of a substance at 
the same temperature, the temperature of the mixture is not the 
sum of the temperatures, — it is not greater or less than either 
before they were mixed; but evidently the mixture contains 
twice as much heat as either alone. If we dip from a gallon of 
boiling water a cupfUl, the cup of water is just as hot, i.e., 
has the same temperature, as the larger quantity, although of 
course there is a great difference in the quantities of heat the 
two bodies of water contain. Temperature depends upon the 
average kinetic energy of the individvxil molecule, while quantity 
of heat depends upon the average kinetic energy of Hie individual 
moUcule multiplied by the numJber of molecules. 
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XIX. DIFFUSION OF HEAT. 

There is always a tendency to equalization of temperature; 
that is, heat has a tendency to pass from a warmer body to a 
colder, or from a warmer to a colder part of the same body, 
until there is an equilibrium of temperature. 

§ 110. Conduction. — Experiment 1. Place one end of a wire 
about 15«" long, in a lamp-flame, and hold the other end in the hand. 
Heat gradually travels firom the end in the flame toward the hand. 
Apply your fingers successively at diffferent points nearer and nearer 
the flame ; yon find that the nearer you approach the flame the hotter 
the wire is. 

The flow of heat through an unequally-heated body, from 
places of higher to places of lower temperature, is called con- 
duction; the body through which it travels is called a condu4:tor. 
The molecules of the wire in the flame have their motion quick- 
.ened ; they strike their neighbors and quicken their motion ; the 
latter in turn quicken the motion of the next ; and so on, until 
some of the motion may be finally communicated to the hand, 
and creates in it the sensation of heat. 

Experiment 2. Hold wires of difl)erent metals of the same length, 
also a glass tube, a pipe-stem, etc., in the flame, and notice the differ- 
ence in time that elapses before the sensation of heat is felt in the 
different bodies. 

Experiment 3. Gro into a cold room, and place the bulb of a ther- 
mometer in contact with various substances in the room; you will 
probably flnd that they have the same, or very nearly the same, tem- 
perature. Place your hand on the same substances ; they appear to 
have very different temperatures. This is due to the fact that some 
substances conduct heat away from the hand faster than others. Those 
substances that appear coldest are the best conductors. If you go into 
a room warmer than your body, all this is reversed ; those substances 
which feel warmest are the best conductor;?, because they conduct their 
own heat to your hand fastest. 

Experiment 4. Twist together at one end similar wires or strips 
of iron, copper, brass, etc., 10 or 15<»b long, and introduce them into a 
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small flame. After a few minutes you can tell approximately the order 
of their conducting powers, by moving a match along each wire, and 
seeing how far Arom the flame it will light. 

You learn that some substances conduct heat much more 
rapidly than others. The former are called good conductors^ 
the latter poor conductors, Metals are the best conductors, 
though they differ widely among themselves. 

Elxperlment 5. Fill a test-tnbe nearly (lill of water, and hold it 
somewhat inclined (Fig. 106), so that a flame may heat the part of the 
tube near the snrface of the water. The „, ,^ 

ITlg. 108. 

water may be made to boil near its surface ^, 

for several minntes before any change of 
the temperature at the bottom will be per- 
ceived. 

Liquids^ cbs a dass, are poorer con- 
diictors than solids. Oases are muck 
poorer conductors than liquids. It is 
diflScult to discover that pure, dry air 
possesses any conducting power. The 
poor conducting power of our clothing is due to the poor con- 
ducting power of the fibres of the cloth in part, but chiefly to 
the air which is confined by it. (Why is loose clothing warmer 
than that closely fitting?) 

Bodies are surrounded with bad conductors, to retain heat 
when their temperature is above that of surrounding objects, 
and to exclude it when their temperature is below that of sur- 
rounding objects. 

§ 111. Ck>nvection. — When a hot brick, or a bottle of hot 
water, is placed at one's feet, heat is also conveyed to the feet. 
When heat is transferred from one place to another by the 
bodily moving of heated substances, the operation is called 
convection; but this term is rarely applied to solids. Solids 
require some external force to effect the conveyance ; fluids do 
not necessarily, as may be seen by the following experiments : — 
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Arr&nge apparatus ae In Fig. 107. FIQ the la^e 
beaker nearly full of water, and elevate It so that the tip of a Bunsen 
flame ma; juat touch the middle of the bottom. 1111 a glass tube B 
wttb a deeply-colored aniline solution, stop one end 
with a Qnger, and thrust the other end Into the water 
to the bottom of the beaker ; remove the Bnger, and 
allow the solution to flow oat and color the water at 
the bottom for a tittle depth. Soon the colored 
liquid Immediately over the flame becomes heated, 
expands, and thereby becomes leas dense than the 
liquid above ; consequently it rises and forms au up- 
ward current through the colorless liquid. At the 
same time the cooler liquid on the sides descends to 
take the place of that which rises, and soon the 
descending currenta become visible by the coloration 
of the water. By this means beat is conveyed to all 
parts of the liquid, wiiich would otherwise become 
much hotter at the bottom than at the top in conse- 
quence of the poor conducting power of water. 

If a glass tube C, bent as shown in the flgure, is 

filled with water, and Introduced Into the beaker so 

Fig. 108. tliat the orifice of the short arm shall he 

f----,.^^ Juat beneath the surfhce of the colored 

"S^^jJ^ water, the colored liquid will be seen slowly 

^8W^ to ascend the short arm, while the colder 

water will descend the longer arm. 

Experiment 2. Provide a tightly-cov- 
ered tin vessel (Fig. 108) and two Itunp- 
chimneys A and B. Near one side of the 
top of the cover cut a hole a little smaller 
than the large aperture of chimney B. Near 
the opposite sldeof the cover cut a series of 
holes of about 7"°" diameter, arranged in a 
circle, the circle being large enough to ad- 
mit a candle without covering the holes. 
Light the candle, Aid cover it with chim- 
ney A, which should be outside the circle 
of holes. Fasten both chimneys to the 
cover with wax. Hold smoking touch-paper C (see page 278) near the 
top of chimney B. The smoke, instead of rising, as It usually does. 
rapidly descends the chimney, and in a few secooda vrlU be found 
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ascending chimney A. The air around the flame becomes heated, ex- 
pands, and rises, while air from the outside rushes down the other 
chimney to supply the deficiency in the rarefied space. Thus heat 
from the flame is conveyed away to distant places. Cover the orifice 
of chinmey B with the hand, and the flame will quickly go out. 

The last experiment ftimishes an explanation of many 
familiar phenomena. It explains the cause of chimney drafts, 
and shows the necessity of providing a means of ingress as well 
as egress of air to and from a confined fire. It explains the 
method by which air is put in motion in winds. It illustrates a 
method often adopted to ventilate mines. Let the interior of the 
tin vessel represent a mine deep in the earth, and the chimneys 
two shafts sunk to opposite extremities of the mine. A fire 
kept burning at the bottom of one shaft will cause a current of 
air to sweep down the other shaft, and through the mine, and 
thus keep up a circulation of pure air through the mine. 

Liquids and gases are heated by convection. (Why not solids ?) 
Tlie heat must be applied at the bottom of the body of liquid or 
gas. (Why not at the top?) There is a still more important 
method by which heat is diffused, called radiation, which will be 
treated of in its proper place, under the head of radiant energy. 

§ 112. Ventilation. — Intimately connected with the topic 
Convection, is the subject (of vital importance) Ventilation, inas- 
much as our chief means of securing the latter is through the 
agency of the fonner. The chief constituents of our atmosphere 
are nitrogen and oxygen, with varying quantities of water vapor, 
carbonic acid gas, ammonia gas, nitric acid vapor, and other 
gases. The atmosphere also contains in a state of suspension 
varying quantities of small particles of free carbon in the form of 
smoke, microscopic organisms, and dust of innumerable sub- 
stances. All of these constituents except the first three are 
called impurities. Carbonic acid is the impurity that is usually 
the most abundant and most easily detected ; so it has come to 
be taken as the measure of the purity of the atmosphere, thousfh 
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not itself the most deleterious coustitueut. Fuie outdoor air 
coutains about 4 parts of it by volume in 10,000. If the quau- 
tity rises to 10 parta, the air becomes unwholosome. 

Elxperiment 1. Place a tcaspoonful of unslacked lime In a tumbler 
of water; a part of It will be dlsHolved. Filter the solution through 
unsized paper, and Into the clear liquid blow breath from the lungs 
through a glass tube. The liquid turns milky-white in appearauce, 
I>ecau3e the carbonic actd in the breath unites with the lime dissolved 
in tbe water, and forms the Insoluble carbonate of lime, which remains 
suspended roc a time In the liquid, but Anally settles as a white powder 
at the bottom. 

Experiment 2. Take a fresh quantity ofllme water In each of two 
pj^ jog glasses, and in any poorly-ventllated room which has 

been occupied by several persons for a short time 
(unfortunately almost auy school-room will answer 
the purpose), place one glass near the floor, and with 
a bellows blow into the liquid a few puffs of the lower 
stratum or air. Tlie^ place the other glass near the 
top of tbe room, and blow with the bellows some of 
the upper stratum of air into the lime water. In both 
cases carbonic acid will be found to be present, but 
it will be much more abundant In the upper stratum, 
as shown by the greater rapidity with which the 
cloudiness Is produced In the upper stratum. 

Experiment 3. In the center of a small circular 
plank (Fig. 109) insert an Iron wire CO"" long and 
jmm In diameter. At intervals of i)""" solder to the 
wire short pieces of small wire, so as to project 
horizontally from the large wire ; and to the free ex- 
tremities of these short wires solder small circular 
pieces of tin 3™ in diameter. Arrange these little 
platforms spb-ally around the vertical wire. Fix 
stumps of candles upon these platforms by means of 
a little melted tallow. Light the candles, and carefully 
cover the whole with a tall glass Jar. Heated air, 
from which the tife-sustalning oxygen has been lai^ly extracted 
and replaced by carbonic acid, rises trom each flame tmd accumulates 
at the top of the Jar. This air will neither support life nor corobus 
tlon, consequently the highest caudle flame is quickly extinguished. 
The colder and purer air descends and feeds tbe lower flames, while 
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flame after flame, from the top downward, is successively extinguished, 
the lowest flame being the last to go out. 

Carbonic acid gas is about one and one-half times heavier 
than air at the same temperature ; consequently, when both have 
the same temperature, and the former is very abundant, it tends 
to settle to the bottom, as in the vicinity of lime-kilns, in which 
large quantities of this gas are generated. 

The knowledge of this fact has led many to suppose that a 
means for the escape of impure air need only be provided near 
the floor of a ix>om. But it should be remembered (1) that the 
tendency of carbonic acid gas, unless present in excessive quan- 
tities, is to diffuse itself equally through a body of air ; but (2) 
when it is heated to a temperature above that of the surrounding 
air, as when generated by flames, or when it escapes in the warm 
breath of animals, it is lighter than the air, and consequently rises. 
If this impure air could escape at the ceiling while fresh air en- 
tered at the floor, the ventilation would be good. But usually this 
fresh air must be warmed ; and in passing over a stove, furnace, 
or steam radiator, its temperature will generally become higher 
than that of the impure air, so that it will rise above the latter, 
and pass out at a ventilator in the ceiling, leaving the floor cold ; 
hence, the most impure air is often found in high school-rooms 
half-way up. 

Experience shows that, with the ordinary means of heating, it 
is usually best, in cold weather, to provide for the escape of the 
foul air at the floor into a flue, in which a draft is maintained 
by a neighboring hot chimney-flue, or a gas-burner, while the 
warm, fi'esh air is inti*oduced at the floor, on the opposite side 
of the room, or sometimes at the ceiling. 

The quantity of fresh air introduced must be great enough to 
dilute the impurities till they are harmless. An adult makes 
about 18 respirations per minute, expelling from his lungs at 
each inspiration about 500**" of air, over 4 per cent of which is 
carbonic acid. At this rate, about 9,000"" of air per minute 
become unfit for respiration ; and to dilute this sufl9ciently, good 
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authorities say that about 100 times as much fresh air is needed ; 
or, for proper ventilation, about a cubic meter offresJi air per 
minute is needed for each person^ or, in English measures, 2,000 
cubic feet per hour. 

If the heating could be so an*anged as to keep the floor prop- 
erly warmed, the vitiated air might pass out at the ceiling, and 
the quantity of fresh air entering at the floor might be much 
less than that just stated. In mild weather, when the fresh air 
does not require warming, the inlet may be at the floor and the 
outlet at the ceiling. 

QUESTIONS AND PROBLEMS. 

1. How would you ventilate the tall jar in Experiment 3 ? 

2. At evening assemblies in lighted halls, what two ft'uitful sources 
of carbonic acid are ever present ? 

8. Why are gas burners frequently placed under the orifices of ven- 
tilators ? 

4. A bed room is 3"™ square and 2.6'" high ; how long would the en- 
closed air supply two persons on the supposition that none was to be 
re-breathed ? 

5. A hall contains a thousand persons, and its dimensions are 35 X 
18 X 7»". How often should a complete change of air be eft'ected that it 
may not become vitiated ? 

XX. EFFECTS OF HEAT. — EXPANSION. 

Having learned something of the nature of heat, and how it 
passes from point to point, let us examine the effects it pro- 
duces on bodies : these are expansion and change of state. 
The first gives a means of measuring temperature^ and leads to 
a fuller stud}' of gases than we have yet made. Under the 
second effect of heat we study liquefaction and vaporizatioii, A 
third effect that is very obvious, the change oftemx>erature^ will be 
found to depend in part on what is called specific heat^ to be 
studied on page 170. 

§ 113. Expansion of solids, liquids, and erases. — Ex- 
periment 1. Obtain two short brass tubes, — one of a size that will 
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permit it just to enter the bore of ttie other. Heat the smaller tube ; 
it will no longer enter the larger. 

Experiment 2. Fit stoppers tightly in the necks of two similar thin 
glass flasks (or test-tubes), and through each stopper pass a glass tube 
about 60«™ long. The flasks must be as nearly alike as possible. Fill one 
flask with alcohol and the other with water, and crowd in the stoppers 
so as to force the liquids in the tubes a little way above the corks. 
Set the two flasks into a basin of hot water, and note that, at the 
instant the flasks enter the hot water, the liquids sink a little in the 
tubes, but quickly begin to rise, until perhaps they reach the top of the 
tubes and run over. 

"When the flasks flrst enter the hot water they expand, and thereby 
their capacities are increased ; meantime the heat has not reached the 
liquids to cause them to expand, consequently the liquids sink momen- 
tarily to accommodate themselves to the enlarged vessel. Soon the 
heat reaches the liquids, and they begin to expand, as shown by their 
rise in the tubes. The alcohol rises faster than 
the water. Diflierent substances, both in the solid 
and liquid states, expand unequally on experi- 
encing equal changes of temperature. 

Experiment 3. Take one of the flasks used 
in the last experiment, dry it well inside and out- 
side, invert the flask, insert the end of the tube 
in a bottle of colored water (Fig. 110), and apply 
heat to the flask ; the enclosed air expands and 
comes out through the colored liquid in bubbles. 
After a few minutes, withdraw the heat, keeping 
the end of the tube in the liquid ; as the air left 
in the flask cools, it contracts, and the water is 
forced by atmospheric pressure up the tube into 
the flask, and partially fllls it. 

§ 114. Coefficients of expansion.— There 
being generally greater cohesive force between the molecules of 
solids than between the molecules of liquids, the former expand 
less than the latter on receiving the same amount of heat, and 
for the same reason liquids expand less than gases. (See page 
18.) AU gases expand alike for equal differences of tempera- 
ture^ and the expansion is uniform at aU temperatures. Under 
uniform pressure the volume of any body of gas is increased by 
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y^-Tf its volume at the freezing point of water for every degi'ee cen- 
tigrade, or fij for every degree Fahrenheit, its temperature is 
raised. These fractions are called the coefficients of expansion. 
Not only do the coefficients of expansion of liquids and solids 
vary with the substance, but the coefficient for the same sub- 
stance varies at different temperatures, being greater at high 
than at low temperatures. 

In the expansion of fluids we have only to do with increase of 
volume, called cubical expansion. In the expansion of solids, 
we have frequent occasion to speak of expansion in one direc- 
tion only, and this is called linear expansion. 

§ lis. Power of expansion and contraction. —The force 
which may be exerted by bodies in expanding or contracting may be 
very great, as shown by the f oUowmg rough calculation : If an iron 
bar, 1 sq. in. in section, is raised from 0" C. (freezing point of water) to 
600° C. (a duU, red heat), its length, if aUowed to expand freely, will be in- 
creased from 1 to 1.006, its coefficient of expansion being about .000012. 
Now, a force capable of stretching a bar of iron of 1 sq. in. section 
this amount, is about 90 tons, which represents very nearly the force 
that would be necessary to prevent the expansion caused by heat. It 
would require an equal force to prevent the same amount of contrac- 
tion (caused by what?) if the bar is cooled from 500° to 0° C. 

Boiler plates are riveted vnth red-hot rivets, which, on cooling, 
draw the plates together so as to form very tight joints. Tires are 
fitted on carriage-wheels when red hot, and, on cooling, grip them with 
very great force. 

§ 116. Abnormal expansion and contraction of water. 
— Water presents a paitial exception to the general rule that 
matter expands on receiving heat and contracts on losing it. 
If a quantity of water at 0** C, or 32° F., is heated, it 
contracts as its temperature rises, until it reaches 4° C, or 
about 39° F. , when its volume is least, and therefore it has its 
maximum density. If heated beyond this temperature it ex- 
pands, and at about 8° C. its volume is the same as at G°. On 
cooling, water reaches its maximum density at 4° C, and ex- 
pands as the temperature falls below that point. It is probable 
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tnat crystallization, and consequently expansion (see page 26) , 
begins at 4° C. (What is the temperature at the bottom of a 
pond when water begins to freeze at the surface?) 

XXI. THERMOMETBY. 

§ 117. Temperatore measured by ezpansion. — The ef- 
fects of expansion by heat are well illustrated in the common 
thermometer. As its temperature rises, both the glass and the 
mercury expand; but, as liquids are more expansible than 
solids, the mercury expands much more rapidly than the glass, 
and tJie apparent easpariaion of the mercury^ shown by its rise in 
the tube, is the difference between the actvoU ^ihcrea^e of volume 
of the v^rcury and that of the part of the glass vessel containing 
it. The thermometer, then, primarily indicates changes in vol- 
ume ; but as changes of volume in this case are caused by 
changes of temperature, it is commonly used for the more 
important purpose of measuring temperature. (Will a ther- 
mometer measure quantity of heat?) 

§ llSw Construction of a thermometer. — A thermometer 
generally consists of a glass tube of capillary bore, terminating 
at one end in a bulb. The bulb and part of the tube are filled 
with mercur}'^, and the space in the tube above the mercury is 
usually, but not necessarily, a vacuum. On the tube, or on a 
plate of metal behind the tube, is a scale to show the hight of 
the mercurial column. 

§ 119. Standard temperatures. — That a thermometer 
may indicate any definite temperature, it is necessary that its 
scale should relate to some definite and unchangeable points 
of temperature. Fortunately Nature fhrnishes us with two 
convenient standards. It is found that under ordinary at- 
mospheric pressure ice alwaj's melts at the same temperature, 
called the meUiiig point, or, more commonly, the freezing point 
(inasmuch a3 water freezes and ice melts at the same tempera- 
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ture). Again, the temperature of steam rising from boiling 
water under tlie same pressure is always the same. 



Fig. 111. 



§ 120. Ghraduation of thermometers. — The bulb of a 
thermometer is first plaoed in melting ice, and allowed to stand 
until the surface of the mercury becomes stationary, and a mark 
is made upon the stem at that point, and indicates the freezing 
point. Then the instrument is suspended in steam rising from 
boiling water, so that all but the very top of the column is in the 
steam. The mercury rises in the stem until its temperature be- 
comes the same as that of 
the steam, when it again 
becomes stationary, and 
another mark is placed 
upon the stem to indicate 
the boiling point. Then 
the space between the two 
points found is divided into 
a convenient number of 
equal parts called degrees^ 
and the scale is extended 
above and below these 
points as far as desirable. 
Two methods of division 
are adopted in this coun- 
try: by one, the space is 
divided into 180 equal 
parts, and the result is 
called the Fahrenheit 
scale, from the name of its author ; by the other, the space is 
divided into 100 equal parts, and the resulting scale is called 
centigrade^ which means one hundred steps. In the Fahrenheit 
scale, which is generally employed for ordinary household pur- 
poses, the freezing and boiling points are marked respectively 
32° and 212^ The of this scale (32° below freezing point), 
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which is about the lowest temperature that can be obtained by a 
mixture of snow and salt, was incorrectly supposed to be the 
lowest temperature attainable. The centigrade scale, which is 
generally employed by scientists, has its freezing and boiling 
points more conveniently marked, respectively 0® and 100®. A 
temperature below 0® in either scale is indicated by a minus sign 
before the number. Thus, - 12° F. indicates 12° below 0° (or 
44° below freezing point), according to the Fahrenheit scale. 
Under F. and C, Figure 111, the two scales are placed side by 
side, so as to exhibit at intervals a comparative view. 

§ 121. Conversion from one scale to the other. — Since 
100° C. = 180° F., 5° C. = 9° F., or 1** C. = | of 1° F. Hence, 
to convert centigrade degrees into Fahrenheit degrees, we mul- 
tiply the number by f ; and to convert Fahrenheit degrees into 
centigrade degrees we multiply by f . In finding the temperature 
on one scale that corresponds to a given temperature on the other 
scale, it must be remembered that the number that expresses 
the temperature on a Fahrenheit scale does not, as it does on a 
centigrade scale, express the number of degrees above freezing 
point. For example, 52° on a Fahrenheit scale is not 52° above 
freezing point, but 52° — 32° = 20° above it. 

Hence, to reduce a Fahrenheit reading to a centigrade read- 
ing, first svbtract 32 from the given number^ and then multiply 
by |. Thus, | (F - 32) = C. 

To change a centigrade reading to a Fahrenheit reading, first 
multiply the given number by f , and then add 32. Thus, 

|CH-32 = F. 

PROBLEMS. 

1. The dilTerence between two temperatures is 80 centigrade de- 
grees. What is the difference in Fahrenheit degrees? 

2. When the temperature of a room falls 30 Fahrenheit degrees, 
how many centigrade degrees is its temperature lowered? 

8. Suppose the temperature of the above room before the ^all was 
68^ F., (a) what was its temperature after the fall? (b) What were the 
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teml>eratured of the room before and after the fall, according to a 
centigrade thermometer? 

4. Express the following temperatures of the centigrade scale in the 
Fahrenheit scale : 100°; 40°; 66°; 60°; 0°; -20°; -40°; 80°; 150°. 

Note. — In adding or subtracting 82°, it should be done algebraically. 
Thus, to change — 14° C. to its equivalent on the Fahrenheit scale : f X 
(— 14) = — 26.2 ; — 26.2° + 32° = 6.8°, the required temperature on the 
Fahrenheit scale. Again, to find the equivalent of 24° F. in the centi- 
grade scale : 24— 32 = — 8; — 8Xf = — 4f; hence, 24° F. is equiva- 
lent to — 4.4° 4- C. 

5. Express the following temperatures of the Fahrenheit scale in 
the centigrade scale : 212° ; 32° ; 90° ; 77° ; 20° ; 10° ; - 10° ; - 20° ; 
- 40° ; 40° ; 69° ; 329°. 

§ 122. Air thermometer. — Prepare apparatus as shown In 
Figure 112. A is a glass flask of about one-fourth liter capacity, tightly 
Fig. 112. stopped. Through the stopper extends a glass tube about 60<^™ 
long, which also passes through the stopper of a bottle B, 
partly filled with colored water. The latter stopper is pierced 
by a hole a to allow air to pass in and out freely. A strip of 
paper C, containing a scale of equal parts, is attached to the 
tube by means of silts cut in the paper. 

Grasp the flask with the palms of both hands, and thereby 

heat the air in the flask and cause it to expand and escape 

through the liquid in bubbles. When several bubbles have 

escaped, remove the hands, and the air, on cooling, will con- 

C tract, and the liquid will rise and partly fill the tube. 

The apparatus described is usually called an air ther* 
mometer; but it is, more correctly speaking, a thermo- 
scope. It renders slight changes of temperature much 
more perceptible than a mercury thermometer, and 
therefore is said to be more sensitive. For instance, if 
an air thermometer and a mercury thermometer, whose 
bulbs are of the same size, are carried from a cold 
room into a warm room, or vice versa, the changes in 
B the l^ht of the liquid column in the air thermometer 
will be much greater and more rapid than in the mer- 
cury tliermometer. In the former, the temperature is measured 
by the expansion of air ; in the latter, by the expansion of mer- 
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cury. (Why Is the former more sensitive than the latter?) 
This simple air thermometer cannot have a fixed scale showing 
the temperature in Fahrenheit or centigrade degrees as a mercury 
theimometer does, inasmuch as the hight of the liquid column is 
affected by atmospheric pressure as well as by temperature, so 
that when the temperature remains the same, variations occur 
corresponding to the changes of the barometric column. But 
in man}' scientific investigations a good air thermometer is better 
than one containing mercury. The thermopile and galvanome- 
ter (see page 236) constitute a still more sensitive apparatus 
for showing changes in temperature. 

§ 123. Measurement of extreme temperatures. — Mer- 
cury boils at 350° C. (662*=^ F.) and freezes at about —39° 
C, and therefore cannot be used for indicating tempera- 
tures above or below these points. Extremely high tempera- 
tures are measured by the expansion of solids, usually a rod of 
platinum, and the instiniment used for this purpose is called a 
pyrometer. Alcohol is used in thermometers emploj'ed to meas- 
ure extremely low temperatures. The air thermometer ma}' be 
used at any temperature that will not soften the bulb and tube. 

§ 12^ Absolute temperature. — If a body of air at 0° C. 
is heated, its volume is increased y^ir ^^ ^^ original volume for 
every degree its temperature is raised. At 273° C. its volume 
is consequently doubled. If a body of air is cooled below 0° C. , 
its volume is diminished for every degree its temperature is low- 
ered -^^ of its volume at 0° ; and so, if its volume were to con- 
tinue to decrease at that rate until it should i*each — 273°C., 
mathematically speaking its volume would become nothing ; but, 
practically, the air would cease to be a gas, and would become a 
. compact, motionless mass ; that is, all molecular motion would 
cease at that point, and so thie point of no heat would be reached. 
This point is called the absolute zero, and temperature reckoned 
from this point is called afjsoliUe temperature. On this scale all 
temperatures would be positive. 
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Note. — Air and all other gases we know (see page 20) are con- 
verted into liquids and solids long before they reach the temperature 
of —273° C. ; so, of course, they cease to obey the law of Mariotte 
(page 59). Though a body has never been cooled to the absolute zero, 
there are reasons, far more conclusive than the one given, which justify 
us in believing that all molecular motion would cease at a point very 
near — 273° C. In the further study of heat, the use of the scale of 
absolute temperature is a great convenience. 

The absolute temperature (based on the above theory) may 
be found by adding 273 to its reading on a centigrade thermome- 
ter, or 460 to its reading on a Fahrenheit thermometer. (See 
Figure 111.) 

§ 125. Laws of graseous bodies. — It follows, from the 
above discussion, that the volume of a given mass of gas at con- 
stant pressure is proportional to its absolute temperature. This 
is called the Law of Charles, 

If, however, a body of gas at 0® C. is enclosed in a vessel of 
rigid sides, its volume must remain constant at all tempera- 
tures. In this case the pressure on the sides is increased by 
Y^rs ^^ ^^® pressure at 0° for every degree its temperature rises, 
and is diminished -^^ for every degree its temperature falls ; and 
if it were to continue to decrease at this rate, at — 273®C., it 
would become nothing. Hence, the pressure of a given body 
of gas ^ ivhose volume is kept constant, is proportional to its abso' 
lute temperature. 

Mariotte's law states that at a constant temperature the vol" 
ume of a given body of gas is inversely proportional to the 
pressure to which it is svbjected; i.e., the product of the pressure 
and the volume is constant. Now, when both the pressure and 
the volume vary at the same time, it is evident that the prod- 
uct of the pressure and the volume of a given body of gas is 
proportional to its absolute temperature. 

PROBLEMSi, 

1. Find in both centigrade and Fahrenheit degrees the absolute tem- 
peratures at which mercury boils and freezes. 

2. At 0° C. the volume of a certain body of gas is 600«™ under a 
constant pressure ; (a) what will be its volume if its temperature is raised 
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to 75° C. ? (&) What will be its volume if its temperature becomes 
-20° C? 

8. If tlie volume of a body of gas at 20° C. is 200«"», what will be its 
volume at 30° C. ? Solution : 20° C. is equivalent to (20 + 273) 293 abs. 
temp. ; then 293 : 303 : : 200 : 206.8CC™. Aim. 

4. To what volume will a liter of gas contract if cooled from 30° C. 
to-160C.? 

5. One liter of gas under a pressure of one atmosphere will have 
what volume if, at a constant temperature, the pressure is reduced to 
900B per square centimeter? 

6. The volume of a certain body of air at a temperature of 17" C, 
and under a pressure of SOOfif per square centimeter, is SOO®*" ; what will 
be its volume at a temperature of 27° C. under a pressure of 12008^ per 
square centimeter? Solution : 17° C. is equivalent to 290° abs. temp. ; 
27° C. is equivalent to 300° abs. temp. Then 290 : 300 : : 500 x 800 : x x 
1200. Whence x = 344.8«5. Ana, 

7. If the volume of a body of gas under a pressure of 1^ per square 
centimeter, and at a temperature of 0° C, is 1 liter, at what temperature 
will its volume be reduced to 1«™ under a pressure of 200*^ per square 
centimeter? Ana, : 64.6° abs. temp., or — 218.4° C. 

8. Find the temperatures on the absolute scale at which bodies 
named on page 161 melt or boil. 

9. If a cubic foot of coal-gas at 32° F., when the barometer is at 
30 in., weighs ^ lb., how much will an equal volume weigh at 68° F. 
when the barometer is at 29 in. ? 

§ 126. Kinetic theory of ffases. — This theory claims that 
in gases the molecules are so far separated from each other that 
their motions are not generally influenced by molecular attrac- 
tions. Hence, in accordance with the first law of motion, the 
molecules of gases move in straight lines and with uniform ve- 
locit}'^, until they collide with each other or strike against the 
walls of the containing vessel, when, in consequence of their 
elasticity, they at once rebound and start on a new path. We 
may- picture to ourselves what is going on in a body of calm 
air,, for instance, by observing a swarm of bees, when every 
individual bee is flying with great velocity, flrst in one direction 
and then in another, while the swarm either remains at rest or 
sails slowly through the air. 
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§ 127. Pressure of a gras due to the kinetic energry of its 
molecules. — Consider, then, what a molecular storm must be 
raging about us, and how it must beat against us and against 
every exposed surface. According to the kinetic theorj', the 
pressure of a gas (or its expansive power as it is sometimes 
called) , is entirely due to the striking of the molecules against the 
surfaces on which the gas is said to press, the impulses following 
each other in such rapid succession that the effect produced can- 
not be distinguished from constant pressure. Upon the kinetic 
energy of these blows, and upon the number of blows per 
second, must depend the amount of pressure. But we saw on 
page 141, that on the energy of the individual molecules depends 
that condition of a gas called its temperature; so, it is apparent, 
as stated above, that the pressure of a given quantity of gas vaiiss 
as its temperature. Again, as at the same temperature the num- 
ber of blows per second must depend upon the number of mole- 
cules in the unit of space, it is apparent that the pressure varies 
as the density. 

The following estimates* made for hydrogen molecules atO°C., and 
ander a pressure of one atmosphere, may prove interesting : — 

Mean velocity, 6100 feet per second. 

Mean path without collision, 38 teu-millionths of an Inch. 

Collisions, 17,760 millions per second. 

Mass, 216,000 million million million weigh 1 gram. 

Number, 19 million million million fill 1 cubic centimeter. 

§ 128. Diffusion of gases and liquids. — The kinetic the- 
ory of gases explains why gases penetrate into any spaces open 
to them, and likewise the phenomenon known as the diffusion 
of gases (see page 41). The presence of a gas in a given 
space only delays the spread of another gas in the same space 
by collision between the molecules of the inter-diffusing gases. 
The diffusion between liquids, though not so well understood, 
is undoubtedly due in paii; to similar molecular motions. 

^Maxwell. 
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Experiment 1. Helt separately tallow, lard, and beeswax. Wheu 
partially melted, stir well with a tbermometer, and ascertain the meltiag 
points of each of these substaaces. 

Experiment 2. Place a test tube (Tig. IIS), half filled with ether, 
in a beaker contaiaing water at a temperature of 60° C. Although the 
temperature of the water Is VP below its boiling point, 
it very quickly raises the temperature of the ether suffl- *''*■ "*■ 
clently to cause It to boil violentlj. Introduce a chemi- 1 
cal thermometer' Into the test tube, and ascertain the 
trailing point of ether. 

Experiment 8. Half fill a glass beaker of a liter 
capacity with fl'agmeuts of ice or snow, and set the 
beaker Into a Imsla of boiling-hot water. Btir the con- 
tents of the beaker with a tbermometer until t^e ice is 
all melted, observing from time to lime the temperature of the contents. 
Tbe temperature remans constant at 0° C. until the Ice is all melted. 

Experiment 4< As soon as the last piece of Ice disappears, remove 
the flask from the warm water, wipe the outside, and place it over a 
Bunsen burner and heat. Observe that the temperature rises con- 
stantly until the water begins to boil ; bnt after It begins to boil, the 
temperature remains constant as long as it boils. Place more burners 
under the beaker; the water bolls more violently, but the temperature 
is not raised. 

ExperlmeDt 5> Place In contact the smooth, dry surfaces of two 
pieces of lee; press them together for a few seconds; remove the 
pressure, and they will be found flrmly frozen together. The ice at the 
surfaces of contact melts under the pressare, but when the pressure Is 
removed the liquid histtuitly freezes and cements Hie pieces together. 
It is in this mauuer that snow-balla are formed. 

Note. — If a thermometer Is placed in a mixture of ice and water, 
and the mixture Is subjected to sreAt pressure, some of tbe ice will 
melt and the temperature will fall; but when the pressure is removed, 
a portion of the water ft^ezes and the temperature rises. From this 
we learn that the melting {or fveezing) point of water is very tlightlg Ioid- 
ered by preuure. The depression Is ^>out yj^ of 1° C for each atmos- 
phere. On the other hand, It Is found that mbslaiuxs tehlelt, unlitx ice, 
eepaiii (n melting, have their melling point! raited by presture. 
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Half flU a thin glass Cask with water. Boll the 
a BDDseu boruer ; the steam will drive the air from the 
Oasfe. Withdraw the burDer, quickly 
^■1'*- cork the flask very tightly, and plunge 

t^e Qask Into cold water, or Invert the 
flask and pour cold water upon the part 
containing Bteam, as In Figure 111; the 
water in the flash, though cooled several 
degrees below the usual bolUag point, 
bolls again violently. The application 
or cold water to the flask condenses 
some of the steam, and dlmlnlsbesitho 
tension of the rest, so that the pressure 
upon the water Is diminished, and the 
water bolls at a, reduced temperature. 

If hot water is poured npoD 
tfae flask, the water ceaees to boil. 
I (Why ?) Under the receiver of aa 
r-pump, water may be made to 
boil at any temperatm-e between 
0° and 100° C. ; indeed, if exhaustion is carried far enough, 
boiling and freezing may be going on at the same time. When 
high temperature is objectionable, apparatus is contrived for 
boiling and evaporating in a vacuum ; as, for instance, in the 
vacuum pans used in sugar refineries. As water boils more 
easily under diminished pressure, so it boils with more difficulty 
when the pressure is increased ; and the temperature to which 
water may be raised under the pressure of its own steam is 
only limited by the strength of the vessel containing it. Ves- 
sels of this kind are often employed to effect a complete pene- 
tration of water into solid and hard substances. By this means 
gelatine is extracted from the interior of bones. In the boiler 
of a locomotive, where the pressure is sometimes 150 lbs. above 
theatmosphere,tbeboiliDgpoiiitrises to about 180° C. (360° F.). 

Experiment T. Dissolve table-salt In water, and you may raise 
Its bolUng point till it reaches 108° C. With saltpetre It may reach 
116° C. 
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On the other hand, it is well known that sea-water, which con- 
tains saline matter in solution, freezes at a lower temperature 
than 0^ G. From the above experiments, and others of a similar 
natare, we derive the following 
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1. The temperature at which 
solids melt differs for different sub- 
stanceSi btU is invariable for the 
same substance^ if the pressure is 
constant. Substances solidify usu" 
ally at the same temperatures as 
tftose at which they melt, 

8. Jfter a solid begins to meUy 
the temperature remains constant 
until the whole is melted, 

8. Pressure lowers tlie melting (^or 
solidifying) point of substances that 
expand on solidifying^ and raises the 
melting point of those that contract. 

4. The freezing point of water is 
lowered by the presence of salts in 
solution. 



1. The temperature at which 
liquids boil differs for different sub- 
stances, but is invariable for the 
same substance if the pressure is 
constant. Vapors liquefy at the 
same temperatures as those at which 
they boil. 

8. After a liquid begins to boil 
the temperature remains constant 
until the whole is vaporized. 

8. Pressure raises the boiling 
point of all substances. 



4. The boiling point of water is 
raised by the presence of salts in 
solution. 



SEFBBENOB TABLES. 

Melting Points. 



Alcohol Never frozen. 

Mercury — 88.8° C. 

Sulphuric acid -84.4° 

Ice 0° 

Phosphorus 44° 

Sulphur 116° 

Tin about 233° 

Lead " 334° 



Zinc about 4260C. 

Silver " ....1000° 

Gold ** 1200° 

Cast-iron " 1060-1260° 

Wrought-lron ** 1600-1600° 

Iridium (the most 

Inftislble metal) 

about 1960° 



Boiling Points under a Pressure of one Atmosphere. 



Carbonic acid - 78° C. 

Ammonia — 40° 

Sulphurous acid — 10° 

Ether 86° 



Carbon bisulphide 48° C. 

Alcohol 78° 

Water 100° 

Mercury 86u° 
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Boding Pointt of Water at Dtfferent Prettwm. 



IWV 18.68 mchea. 

190° 18.99 " 

200° 33-46 " 

SIO" 28.7* " 

213° 29.93 " 



313°F 1 

8*9.6° 2 

373.8° 3 



The temperature of the boiliag point or water varies with the alti- 
tude or places. In consequeace of the different atmospheric pressure. 
A difference of altitude of fi33 It. causes a variation of 1°F. In the 
boUlDg point. 

Boiling FoinU of Water at Different AUUttdee. 



Qnlto 


BBB-lBTBl. 
.... +9,500tt... 


...21.63 In... 
...16.90 " .. 
.,.32.90 " .. 
...30. " .. 
...31.60 " .. 


Tampere 

...196.8 
...186° 


Mt. Washington 


. . . 6,290 " . . 


...200° 


Uead Sea (below) 


... - 1.816 " . . 


...314° 



S 129. DistUlation. — Apparatus 



like that represented in 
^_u^ Figure 115 may be 

easily constructed. 
The following ex- 
periment will be 
found interesting 
and instructire. 

Experiment. Half 

IIU the flask A with 

water colored with a 

few drops of Ink. 

Boll the water, and 

the steam arising will 

escape through the 

glass delivery tube 

BB. This tnbe la anrrounded in part bf a larger tube C, called a con- 

denter, which Is kept filled with cold water flowing from a vessel D 

throngh a siphon S, tlie water flnallj escaping through the tube £. 
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The steam is condensed in its passage through the delirery tube, and 
the resulting liquid is caught in the vessel F. The liquid caught is 
colorless. A complete separation of the watery portion of the colored 
liquid from the other ingredients of the ink is effected, the latter being 
left in the flask A. 

The separation is accomjplisTied on the principle tliat the tem- 
perature of the boiling points of different svbstances differ. The 
water is raised to its vaporizing point, but the other substances 
are not. The apparatus is called a stilly and the operation 
distillation. 

If a volatile liquid, such as alcohol, is to be separated from 
water, the mixture is heated to the temperature at which the 
volatile liquid boils, but not to the boiling point of water, when 
the alcohol will pass into the vessel F, and the water, for the 
most part, wiU remain in the flask. 

§ 130. Evaporation. — In boiling, the heat, usually ap- 
plied at the bottom, rapidly converts the liquid into vapor, 
which, rising in babbles and breaking at or near the surface, 
produces a violent agitation in the liquid, sometimes called 
ebuUitUm. Evaporation is that form of vaporization which takes 
place quietly and slowly at the surface. The phenomena and 
laws of vaporization of all liquids are similar, but we will study 
only the important case of water. Although hastened by heat, 
the evaporation of water occurs at any temperature, however 
low ; even ice and snow evaporate. 

The rapidity of evaporation varies directly with the tempera- 
ture^ amjouni of surface exposed^ and dryness of the atmosphere, 
and inversely vdth the pressure upon the liquid. This vapor of 
water mixes freely with the air, and diffuses readily through it, 
acting like another gas (compare pages 42 and 158). The air 
does not take up water like a sponge, as is commonly imagined ; 
for, if the air could be removed from a room, where there is a 
large vessel of water, every cubic foot of the space in the room 
would be found to contain just as much water- vapor as it does 
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when the air is present, — probably a very little more. In either 
case, only a definite quantity would be found in each cubic foot, 
a quantity depending on the temperature of the space. Thus, at 
0°C., each cubic foot can contain 0.14k ; at 10% 0.26«; at 20% 
0.49K; and at 30°, 0.85*. Evidently the capacity is nearly 
doubled by a rise of 10° in temperature. 

§ 131. Dew point. — When a space contains such an 
amount of water-vapor, whether it contains other gases or not, 
that its temperature cannot be lowered without some of the water 
being precipitated in the form of a liquid, the space is said to be 
saturated^ and the temperature is called the dew point. The form 
in which the condensed vapor appears is, according to its loca- 
tion, dew, fog ^ or doiid. The atmosphere is said to be dry or 
humid^ accordmg as the difference between the dew point and 
the temperature of the atmosphere is great or little. 

QUESTIONS. 

1. Why does onr breath produce a cloud in winter and not hi sum- 
mer? 

2. (a) If ahr at 0^ is warmed to 20^0., how will its dryness be 
affected? (6) What effect would such warmed air have on wet clothes? 

8. If saturated air at 20^ is blown into a cellar where the tempera- 
ture is 10^, what wiU happen? 

4. What is the cause of the general complaint of dryness of air in 
rooms heated by stoves or furnaces? 

5. Does a given mass of air in such a room contain less water-vapor 
than an equal mass of cold out-door air at the same time? 
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IXni. HEAT CONVEBTIBLE INTO POTENTIAL BNBEGY, AND 
VICE YEBSA. 

S 132. Heat Tiuits. — It is frequently necessaiy to measure 
quantity of heat, and for t^ls purpose a standard unit of measure- 
ment is required. The heat unit generally adopted is the amount 
of heat required to raise the lemperature of one kilogram, of water 
from 0° to 1° C. This unit is called a calorie. 

Let it be required to find the amount of heat that disappears 
(Exp. 3, p. 159) during the melting of one kll(^;ram of ice. 

Bxp«riment 1. PUce 1^ ot Ice at 0° C. in a b«aker, and the beaker 
in a large basin of Imlllng water (Fig. 116), and at the same instant 
place ia the hot water another beaker cont^nlng 1* of water at 0^ C. 
Place la each l>eaker a thermometer, and at the instant that the Ice 
disappears note the temperatare 
of the water in each; it wffl be Fig. no. 

foond that while the temperature 
of the former tiaa not changed, 
the latter has risen to about 80" C. 

It is evident that the contents 
of both beakers must have re- 
ceived the same amount of heat; 
hence, the amount of heat re- 
ceived by the wat«r being 80 

calories, the atnount of heat that duappears or m lost during the 
melting of one kdogram of Ice ts 80 ealonea. 

Next, let it be required to find the amount of heat that dis- 
appears (Exp. 4, p. 159) during tbe conversion of 1' of water 
into steam. 

Experiment 2. Fhu;e 1^ of water at O'' C. In a beaher, and heat the 
same with a Bnnseu burner. Note the time that It takes to raise the 
water from 0"C. to 100° C, also the time dnring which the temperature 
of the water remans stationary while the wat«r Is boiling away. The 
latter time will be found to be abont Ave times the former. 

Now, as the water receives 100 calories during the time it 
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rising from the freezing to the boiling point, it must receive about 
500 calories during the time it is converted into steam : but the 
temperature of the water is not changed during the latter oper- 
ation. More accurate methods have the number 537 ; so it fol- 
lows that 537 calories disappear ^ or are lost during the conversion 
ofl kilogram ofwaier into steam, 

§133. Two questions answered. — Inasmuch as none of 
the heat applied during the melting of ice and the conversion 
of water into steam raises the temperature of the body to 
which it is applied, the question arises, What does the heat do 9 
Again, Why is not ice instantly converted into water on reach- 
ing the melting pointy and water instantly converted into steam on 
reaching iJie boiling/ point? 

The answer to the first question is, All of the heat applied in 
melting ice is consumed in doing interior work, as it is called. 
The molecules that were firmly held in their places by molecular 
forces are now moved from their places, and so work is done 
against these forces, just as work is done against gravity when 
a weight is lifted. In the conversion of water into steam, a 
similar action goes on; the heat is expended in separating 
the molecules so far that the molecular attractive forces are no 
longer sensible, all except the small fraction used in overcoming 
atmospheric pressm'e.^ Heat, the energy of motion, in both 
instances does important work, and is thereby converted into 
the energy of position, or potential energy, — energy of the 
same kind as that of a raised weight. 

The answer to the second question is. The amount of work 
done in both instances is great, as shown by the amount of heat 
consumed in doing the work ; 80 calories per kilogram of ice 
being required in the first instance, and 537 calories per kilo- 
gram of water in the second ; hence it requires a long time to 
acquire the requisite amount of heat. • It is fortunate that it 
takes a large quantity of heat to melt ice ; otherwise, on a single 

> Thli flractioB !• about ^^. 
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warm day in winter, all the ice and snow would melt, creating 
most destructive freshets. The heat which disappears in melting 
and boiling is generally, but with our present knowledge of the 
subject, rather objectionably, called kOent (hidden) heat. The 
error consists in calling that heat which has ceased to be heat, 
i.e., has ceased to be molecoiar motion. 

§ 134. Methods of producing' artifloial cold. — The fact 
that heat must be consumed because work is done, in the con- 
version of solids into liquids and liquids into vapors, and in the 
simple expansion of gases, is turned to practical use in many 
ways for the purpose of producing aHifidcU cold. They are 
embraced under three heads; viz.. Cold produced by soliUiony 
by evaporation, and by eepansion of gases. The following ex- 
periments will illustrate. 

§ 13S. Cold by solution.— Freozing mixtures.— Experi- 
ment. Prepare a mixture of 2 parts by weight of pulverized ammo- 
nium nitrate and 1 part of ammonium chloride, and dissolve in 3 
parts of water (not warmer than 10°C.)> stirring the same while 
dissolving with a test-tube containing a UtUe water. The water in the 
test tube will be quickly frozen. A finger ^^ ^^^ 

placed in the solution will feel a painfUl 
sensation of cold, and a thermometer will 
Indicate a temperature of about — 10° C. 



Flar. 117. 



One of the most common freezing 
mixtures consists of 3 parts of snow or 
broken ice and 1 part of common salt. 
The affinity of salt for water causes a 
liquefaction of the ice, and the result- 
ing liquid dissolves the salt, both oper- 
ations requiring heat. 

§ 136. Cold by evaporation. — Kxperiment l. Fin the palm 
of the hand with ether ; the ether qidcUy evaporates and produces a 
painftil sensation of cold. 

Experiment 2. Place water at about 10° C. In a thin porous cup, 
such as is used In the Qrove's battery (see page 190), and Introduce 
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the bulb of a thermometer ; although the experiment be conducted in a 
warm room, the large smrface exposed by means of the porons vessel 
will so hasten evaporation that in the coarse of fifteen minutes there 
will be a very sensible fall in temperature. 

£xperlment 3. Cover closely the bulb of an air thermometer (Fig. 
117) with thin muslin, and partly fill the stem with water. Let one 
person slowly drop ether on the bulb while another briskly blows the 
air charged with vapor away from the bulb with a bellows. (Why ?) 
The water in the stem will quickly freeze even in a warm room. 

QUESTIONS. 

1. Why do we bathe the fevered forehead with alcohol and water ? 

2. How does perspiration contribute to our comfort ? 
8. Why do we fan ourselves ? 

4. Why does a windy day seem colder to us than a still day, although 
the temperature is the same on both days ? 

5. Why do we blow our hot tea, and why pour it into a saucer ? 

6. How does sprinkling a floor cool the air of a loom ? 

§ 137. Cold by expansion of gases. — When a beer bottle 
is opened, a fog is suddenly produced in the neck of the bottle 
due to the chill of an expanding gas. 

The work done in the expansion of a gas consists only in 
forcing back the surrounding air. If confined air is allowed to 
expand into a vacuum, no work is done, and the temperature is 
not changed. By allowing condensed air containing, as it 
usually does, waterj' vapor, to escape suddenly from the vessel 
in which it is confined, icicles have been formed around the 
orifice whence it escapes. 

§ 138. Potential energry converted into heat by the 
solidification of liquids and the liquefaction of vapors.— 
Elxperiment 1. Boil abont ^ liter of water in a glass flask, and add, 
slowly, pulverized sodium sulphate until the boiling water refuses to 
dissolve more (hot water will dissolve about twice its weight of this 
substance). Then set the hot solution in a place where it wHL not be 
disturbed, and let it stand for about 24 hours, that it may acquire the 
temperature of the room. Thrust the bulb of a thermometer into the 
aolation,^ and at the same time drop in a lump of sodium sulphate; 

^ The solution is now said to be supersaturated. 
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Bolldiflcation tnstantlj sets in, uid Id a few seconds the liquid mass 
wiU be almost wlioll; replaced b; crystals. At the same time tlie 
temperature, as Indicated by the thermometer, rapidly rises. 

The heat which is consumed in dissolving a solid, and in giv- 
ing the molecules au advantage of position , ia restored when the 
molecules are allowed to i-esumo their original positions, as a 
fatliug weight restores the kinetic eneigy consumed in raising it. 



Place water at aboat 10° C. in a i)ottle, and intro- 
dace a tbermometer. Surround the bottle with a snow and salt freez- 
ing mixtore ; the temperature of the water rapidly fails until it reaches 
ff>C. 

The heat which the water loses is consumed in melting the ice 
and dissolving the salt. At 0° C. the water begins to freeze, 
and the temperature remains stationary until all the water is 
frozen, when its temperature again falls. The temperature of 
the freezing mixture is much lower than that of the water while 
freezing ; the latter, then, must give heat to the former. That 
the mixture receives heat ng, ua. 

is shown by the continua- 
tion of the melting and 
dissolving. But as the 
temperature of the water 
while freezing does not 
fall, it must be that the 
heat which it surrenders 
during eolidiflcation arises 
from the conversion into 
heat of the potential en- 
eigy possessed by the molecules of the liquid. 

Experiment 3. Arrange apparatus as Id Figure US. When water 
Id the flask A begins to boil, introduce the end of the delivery tube B 
Into avessel C of water at 0° C. The steam tbaC passes through the 
lube Is condensed on entering the cold water and heata the water 
When a considerable portion of the water has boiled away, treigh t' 
water remaining in A, and ascertain the quantity that has been cc 
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verted into steam ; also ascertain the temperature of the water in C, 
and the number of calories which it has received. 

For every kilogram of water that is converted into steam, 
5.37'' of water (practically, considerably less than this quantity, 
in consequence of loss of heat by radiation and evaporation 
from C) will be raised from 0° to 100**. As 1^ requires 100 
units of heat to raise it to 100°, the 5.37^ must require 537 units 
of heat. But the steam raises the water to its own temperature 
without having its own temperature lowered. (Whence come 
the 537 units of heat that raise the temperature of the water?) 

Heat that is cons^tmed in liquefying solidsy and in vaporizing 
liquids^ is always restored when the reverse change takes place. 
Farmers well understand that water, in freezing, gives out a 
great deal of heat, — at a low temperature, it is tnie, but still 
high enough to protect vegetables which freeze only when con- 
siderably colder than melting ice. The fact that steam, in 
condensing, generates a large amount of heat, is turned to 
practical use in heating buildings by steam. 



XXIV. SPECIFIC HEAT. 

§ 139. Temperatures of different substances raised 
unequally by equal quantities of heat. — Will equal quanti- 
ties of heat applied to equal weights of different substances 
raise their temperatures equally? 

Kxperlment 1. Mix 1^^ of water at 0° with 1^ at 20° ; the tempera- 
ture of the mixture becomes 10°. The heat that leaves 1^ of water 
when it falls from 20° to 10° is just capable of raising 1^ of water from 
0° to 10°. 

Experiment 2. Take (say) 800K of sheet lead, and make a loose 
roll of it, and suspend it by a thread in boiling water for about Ave 
minutes, that it may acquire the same temperature (100° C.) as the 
water. Remove the roll from the hot water, and immerse it as quickly 
as possible in 300« of water at 0°, and introduce the bulb of a ther- 
mometer. Note the temperature of the water when it ceases to rise, 
which will be found to be about 3° (accurately 3.3°+'i. The lead cools 
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rery much more than the water warms. Lead falls about 33° for every 
degree an eqaal weight of water is warmed. 

From the first experiment we infer that a body, in cooling a 
certain number of degrees, gives to surrounding bodies as much 
heat as it takes to raise its temperature the same number of 
degrees. From the second experiment we learn that the quan- 
tity of heat that raises 1^ of lead from 3.3"+ to lOO"", when 
transferred to water, can raise 1^ of water only from 0° to 3.3°. 
Hence we conclude that eqttcU quantities of lieat^ applied to equal 
weights ofdiffereirvt substances^ raise their temperatures unequally, 

§ 140. Capacity for heat. — If equal weights of mercury, 
alcohol, and water are exposed to the same heat, the mercury 
will rise 30°, and the alcohol nearly 2°, while the water is rising 
1°. From this we infer that to raise a kilogram of each of 
these substances ftom 0° to 1° requires 30 times as much heat 
for the water as for the mercury, and twice as much as for the 
alcohol. Since heat affects the temperature of water less than 
mercury and alcohol, the first is said to have a greater capacity 
for heat. The number of units of Iveat required to raise the tem- 
perature of a body I°(7., is called its capacity for heat. 

§ Itt. Specific heat defined. — It is a great convenience 
to be able to compare the capacities of different substances for 
heat. The standard employed is water, and the ratio which 
expresses the comparison is called specific Iieat. 

The specific heat of a body is the ratio of its capajcity for heat 
to that of an equal weight of water. 

From the data obtained in the last experiment we may calcu- 
late the specific heat of lead as follows : The same quantity of 
heat that raises the water 3.3° (from (f to 3.3'') raises the lead 
96.70° (from 3.3° to 100°) ; hence, to raise the lead 1° requires 

3 3 

_:--=. 034+ as much heat as to raise the water 1°. 

96.7 

The specific heat of all solids and liquids, and most gases, 
increases, slightly with the temperature. Thus water at 0° 0. hafi> 
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a specific lieat of 1 ; at 40"^, 1.0013 ; at eo"", 1.0035. Substances 
in the liquid state usually have a higher specific heat than in the 
solid or gaseous state. Thus water has nearly double the 
specific heat of ice, and a little more than double the specific 
heat of steam. 

EBFBKENCE TABLES. 

Table of mean specific heat between (P C. and 100° C. 



Hydrogen 8.4090 

Air 2376 

Sulphur 2026 

Glass 1770 



Iron 1138 

Copper 0952 

Mercury 0333 

Lead 0314 



Specific heat of the same substance in different states. 

m 

Solid. Liquid. Gaseous. 

Water 5040 1.0000 4805 

Bromlno 0833 1060 0655 

Lead 0314 0402 

§ 142. One cause of difference in capacity for heat. — 
Of the whole quantity of heat applied to a solid or liquid body, 
only a part goes to increase the heat of the body, and thereby 
to raise its temperature ; the remainder performs interior work^ 
in overcoming cohesion between the molecules of the body, and 
in forcing them to take up new positions. (Since, then, some 
of the heat is converted into potential energy, we may properly 
introduce the subject of specific heat at this place.) The 
greater the portion of heat consumed in interior work upon a 
body, the less there is left to raise its temperature, and conse- 
quently the greater its capacity for heat. Thus, when equal 
quantities of heat are applied to equal masses of water and lead, 
more is consumed (i.e., converted in potential energy) in interior 
work upon the water than upon the lead ; consequently the tem- 
perature of the former is not raised as much as that of the 
latter. The limits of this work forbid the discussion of the 
causes of the difference of capacity for heat of different gases. 
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§ 143b Ghreat oapaoity of water for heat. — Water requires 
more heat to warm it, and gives out more in cooling through a 
given range of temperature, than any substance except hydrogen. 
The quantity of heat that raises a kilogram of water from 0° 
to 100° C. would raise a kilogram of iron from 0° to 800° or 
900° C, or above a red heat: Conversely, a kilogram of water 
in cooling from 100° to 0° C. gives out as much heat as a kilo- 
gram of iron in cooling from about 900^ to 0° C. 

QUESTIONS AND PROBLEMS. 

1. How much heat is required to change 100^ of ice at 0^ into steam 
at 100° C? 

2. (a) 1000^ of steam at 100^ C. Is conveyed by pipes through a 
building, and the water resulting from its condensation returns to the 
boiler at a temperature of 80°; how much heat is given out in the build- 
ing, (b) The same quantity of heat would raise how many kilograms 
of water flrom 0° to 100<^ ? 

8. 60^ of water at 100° will melt how many pounds of ice at 0° C. ? 

4. How much heat is required to raise 1^ of ice from — 10° to 10° C? 

5. (a) Apply the same quantity of heat to equal weights of ice and 
water, each at a temperature of 0° C. ; when the latter reaches the 
boiling point what will be the temperature of the former ? (6) Why 
will not both have the same temperature ? 

6. What effect on the temperature of the air has the freezing of the 
water of lakes and other bodies of water ? 

7. If 1*^ of Iron at 100° is immersed in I*' of water at 0° C. , what will 
be the resulting temperature ? 

8. What is the specific heat of a substance, 1*^ of which at 100°, when 
put into 1* of water, at 0° raises its temperature to 5° C. ? 

9. 60^ of mercury at S(P will melt what weight of ice at 0° C. ? 

10. Why is hot water in bottles often used to warm beds in prefer- 
ence to other substances ? 

11. If there were no water on the earth, why would the difference 
in temperature between day and night, and between summer and win- 
ter, far exceed what it is now ? 

12. Why are places In vicinity of water less subject to extremes of 
heat and cold than places inland ? 
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XXV. THERMO-DYNAMICS. 

§ 144. Thermo-Dynamics defined. — Thermo-dtfnamics is 
that branch of science tluU treats of tJie rdaJtion between heat and 
medianical work. One of the most important discoveries in 
science is that of the equivalence of heat and work; that is, that 
a definite quantity of mechanical work can always produce a 
definite quantity of heal; and conversely ^ this heat, if the conver- 
sion were complete^ can perform the original quantity of work, 

§ 145. Correlation and conservation of energy. — The 

proof of the facts just stated was one of the most important 
steps in the establishment of the grand twin conceptions of 
modem science. (1) That aU kinds of energy are so related to 
one another tJiat energy of any kind can be changed into energy of 
any other kind^ — known as the doctrine of correlation op 
EKERGT ; (2) That when one form of energy disappears^ an 
exact equivalent of another form always takes its place^ so that 
the sum total of energy is unchanged, — known as the doctrine 
of CONSERVATION OP ENERGY. Thcsc two principles constitute 
the comer-stone of physical science. 

§ 146. Joule's experiment. — The experiment to ascertain 
the " mechanical value of heat," as performed by Dr. Joule of 
England, was conducted about as follows. He caused a paddle- 
wheel to revolve in water by means of a falling weight attached 
to a cord wound around the axle of a wheel. The resistance 
offered by the water to the motion of the paddles was the means 
by which the mechanical motion of the weight was converted 
into heat, which raised the temperature of the water. Taking 
a body of a known weight, e,g,^ 80^, he raised it a measured 
distance, e.g., 53™ high; by so doing 4240*^*™ of work were 
performed upon it, and . consequently an equivalent amount of 
energy was stored up in it ready to be converted, first, into 
mechanical motion, then into heat. He took a definite weight 
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of water to be s^itated, e.g,^ 2^, at a temperatare of 0°C. 
After the descent of the weight, the water was found to have 
a temperature of 5® C. ; consequently the 2*^ of water must have 
received 10 units of heat (careful allowance being made for 
all losses of heat) , which is the amount of heat-energy that is 
equivalent to 4240^*^ of work, or 1 unit of heat is equivaleni 
to 424^^ of work (more accurately 423.985^«"'). 

§ 147. Mechanical equivalent of heat. — As a converse 
of the above it may be demonstrated by actual experiment that 
the quantity of heat required to I'aise 1^ of water from 0° to 
1° C. will, if converted into work, raise a 424^ weight 1"' high, 
or 1^ weight 424™ high. According to the English sj^stem, the 
same fact is stated as follows : The quantity of heat that will 
raise 1 lb. of water VF, will raise 772 lbs. 1 ft. high. The 
quantity, 424^«", or 772 ft. lbs., is called the mechanical equiva* 
lent of lieat^ or Joule's equivalent (abbreviated, simply J.). 

XXVI. STEAM ENGINE. 

§ 148. DeBcription of a steam engine. — A steam engine 
is a machine in which the elastic force of steam is the motive 
power. Inasmuch as the elastic force of steam is entirely due 
to heat, tJie steam engine is properly one form of a heat engine; 
that is, it is a machine by means of which heat is continuously 
transformed into work or mechanical motion. 

The modem steam engine consists essentially of an arrange- 
ment by which steam from a boiler is conducted to both sides 
of a piston alternately ; and then, having done its work in driv- 
ing the piston to or fro, is discharged from both sides alter- 
nately, either into the air or into a condenser. The diagi-am in 
Figure 119 will serve to illustrate the general features and the 
operation of a steam engine. The details of the various 
mechanical contrivances are purposely omitted, so as to present 
the engine as nearly as possible in its simplicity. 
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Id the diagram. B represents the boiler, F the fitmaee, 9 the ueam 
pipe through which steam passes from the boiler to a bidbII chamber 
VC, called the valve ehett. In this chamber la a alide valve V, which, as 
It Is moved to and fro, opoas and closes alternately the passages M 
and N leading from the valve chest to the eylintler C, and thus admits 
the Bteain alternately each siife of the piston P. When one of these 
pasaagea is open the other is always closed. Though the passage 
between the valve chest and the epace in the cylinder on one side of 

Fig. lis. 



the piston is closed, thereby preventing the entrance of steam Into this 
space, the passage leading from the same space Is open through the 
Interior of the valve so that steam can escape from this space through 
the ezAotut pipe E. Thus, la the poslUon of the valve represented in 
the diagram, the passage N is open, and st«am entering the cylinder 
at the top drives the piston In the direction Indicated by the arrow. At 
the same time the steam on the other side of the plstou escapes through 
the passage M and the exhaust pipe E. While tlie piston moves to the 
left, the valve moves to the right, and eventually closes the passage 
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K leading ftom the valve chest, and opens the passage M into the same, 
and thus the order of things is reversed. 

Motion is communicated by the piston through the piston rod R to 
the crank G, and by this means the shaft A is rotated. Connected with 
the shaft- by means of the crank H, is a rod R^ which connects with the 
valve V, so that as the shaft rotates, the valve is made to slide to and 
tro, and always in the opposite direction to that of the motion of the 
piston. 

The shaft carries Ajly-wJieel W. This is a large, heavy wheel, having 
the larger portion of its weight located near its circumference; it 
serves as a reservoir of energy which is needed to carry the shaft past 
two points (called the dead points) in each revolution of the shaft, where 
the power communicated directly by the steam is ineffectual in moving 
the shaft. It also assists to make the rotation of the shaft and all other 
machinery connected with it uniform, so that sudden changes of velo- 
city resulting firom sudden changes of the driving power or resistances 
are avoided. (Why should the wheel be heavy? Why should it be large? 
Why should the rim be heavy ? See p. 102.) By means of a belt pass- 
ing over the wheel W' motion may be communicated A:om the shaft 
to any machinery desirable. 

§ 149. Condensingr and non-oondensinfir engines.^ — 
Sometimes steam, after it has done its work in the cylinder, is 
conducted through the exhaust pipe to a chamber Q called a 
condenser, where, by means of a spray of cold water introduced 
through a pipe T, it is suddenly condensed. This water and the 
condensed steam must .be pumped out of the condenser by a 
special pump called technically the air-pump; thus a partial 
vacuum is maintained. Such an engine is called a condensing 
engine. The advantage of such an engine is obvious, for, if the 
exhaust pipe, instead of opening into a condenser, communicates 
with the outside air as in the non-condensing engine, the steam 
is obliged to move the piston constantly against a resistance 
arising from atmospheric pressure of 15 pounds for every square 
inch of the surface of the piston. But in the condensing engine no 
resistance arises from atmospheric pressure, and so with a given 

> The terms, Uywpretsure and highprtBSurt engines, are not distinctive as applied 
to engines of the present day. 
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steam pressure in the boiler the effective pressure on the piston 
is considerably increased ; hence, condensing engines are usually 
more economical in their working. 

§ ISO. The loconiotive. — The distinctive feature of the loco- 
motive engiue is its great steam-generating capacity, considering its 
size and weight, which are necessarily limited. To do the work ordi- 
narily required of it, from three to six tons of water must be converted 
into steam per hour. This is accomplished in two ways : viz., first, by 
a ^rapid combustion of fuel (from a quarter of a ton to a ton of coal 
per hour); second, by bringing the water in contact with a large 
extent (about 800 sq. ft.) of heated surface. The fire in the '* fire-box " 
A (see cut on tiie opposite page) is made to burn briskly by means of a 
powerful draft which is created in the following manner : Tlie exhaust 
steam, after it has done its work in the cylinders B, is conducted by the 
exhaust pipe C to the smoke box D, just beneath the smoke stack £. 
The steam as it escapes from the blast pipe F pushes the air above it, 
and drags by friction the air around it, and thus produces a partial 
vacuum in the smoke box. The external pressure of the atmosphere 
then forces the air through the furnace grate and hot-air tubes G, and 
thus causes a constant draft. The large extent of heated surface is 
secured as follows : The water of the boiler is brought not only in con- 
tact with the heated surface of the fire box, but it surrounds the pipes 
G (a boiler usually contains about 150). These pipes are kept hot by 
the heated gases and smoke, all of which must pass through them to 
the smoke box and smoke stack. 

Study the cut careftilly, trace the course of the steam from the boiler 
H through the throttle valve I (under the control of the engineer), 
steam pipe J, etc., to its exit from the smoke stack. Ask some engi- 
neer to explain from the object the offices of such parts as you do not 
understand. 

The steam engine, with all its merits and with all the improve- 
ments which modern mechanical art has devised, is to-day an 
exceedingly wasteful machine. The best engine that has been 
constructed utilizes only twenty per cent of the heat-power 
used. 



CHAPTER IV. 

BLBOTRIOITY AND MAGNETISM. 

There is a large and important class of phenomena depending 
on new principles that we have now to study ; among these are 
lightning, the actions of telegraph instruments, the electric light, 
magnetic attraction and repulsion, etc. We shall inquire whether 
energy is involved in these actions as in all those we have so far 
studied ; and, if so, where it comes from, and under what laws it 
acts, and what finally becomes of it. 

If we chose to begin with those experiments easiest to per- 
form, we should take those with magnets, and some of those to 
be studied under the head of Frictional Electricity; but we 
should find it diflBcult to see clearly how the subject of energy 
was to be introduced. So let us take first some experiments 
that will lead us more easily to this great central idea. 

XXVII. CURRENT ELECTRICITY. 

§ ISL Introductory experiments.— Experiment l. Take 
a strip of sheet copper and a strip of sheet zinc, each about 10<^'» long 
and 4™» wide. Take also a tumbler two-thirds full of _, ,^ 

Fiff. 120. 

water, and to it add about two tablespoonfUls of sul- 
phuric acid. Place the zinc strip in the liquid; in- 
stantly bubbles of gas collect on the surface of the 
zinc, break away from it, rise to the surface of the 
liquid, and are rapidly replaced by others. These are 
bubbles of hydrogen gas, and may be collected and 
burued. It is soon found that the zinc wastes away, 
or is dissolved in the liquid. 

Experiment 2. Place the copper strip in the liquid 
a little way from the zinc, but nowhere touching it; no bubbles are 
formed. Now bring the extremities of the two strips that project from 
the liquid into contact, as in Figure 120 ; quickly a change takes place ; 
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torrents of babbles now rise from the copper, and only a very few 
from the zinc ; still it is found, after a lapse of time, that the copper 
has undergone no change, while the zinc has wasted away. 

Bxpeiiment 3. Withdraw the zinc f]X)m the liquid, and while it is 
yet wet rub a little mercury over its surface, so that it may become 
completely wet with the liquid metal. Now repeat the above experi- 
ments in order. First, it is found that the zinc, when alone in the 
liquid, is not affected by it, and no bubbles of gas are formed. But 
when the two metals are immersed in the liquid, and are brought into 
contact, bubbles of gas quickly appear on the copper as before, but 
none appear on the zinc, although the zinc is still the metal that wastes 
away, while the copper remains unchanged. 

Bxperiment 4. Instead of placing the metals in contact, connect 
them by means of a wire of any metal, the points of contact being 
clean ; the bubbles are given off at the copper as before. Cut the con- 
necting wire at any point, or separate it from the zinc or copper ; all 
evolution of bubbles ceases, but begins again the instant the contact Is 
made. 

Bxperiment 5. Interpose between the connecting wire and the 
plates, or between the cut ends of the wire, a piece of paper, wood, or 
rubber, or use some one of these, instead of a wire, to connect the two 
plates ; no action appears in the cell. 

Thus it appears that there must be a connection, and that too 
of a particular kind, between the two metals, in order that 
action may occur. The connecting wire, then, is an important 
factor in the changes that occur, and it seems altogether prob- 
able that some influence is exerted by the metals upon one 
another through the wire ; in other words, that something 
unusual is going on in the wire when so used. 

Does the connecting wire possess any unusual properties dur- 
ing this use ? 

Experiment 6. Take an ordinary compass, or poise a magnetic 
needle at its center, either by a pivot, as in Figure 121, or by a fine, 
untwisted silk thread, and arrange the connecting wires as in the figure. 
The needle, when at rest, points north and south. The connecting 
wire being over the needle, and parallel with it, bring the two extremi- 
ties of the wire into contact; instantly the needle turns on its axis, 
tending to place itself at right angles to the wire, and, after a few 
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▼ibrations, takes up a pennaneiit position, fonning an angle with the 
wire. This deviation from its normal position is called a diction of 
the needle. Separate the two extremities of the wires ; the needle 
swings back to its normal position. 

Experiment 7. Briug the ends of the wires together as before, 
interposing a piece of paper be- 
tween them; the needle is not 
moved. This is another illns- 
tration of the necessity of em- 
ploying a suitable substance for 
a connector in order that any 
action may take place. 

Experiment 8. Take a large 
iron nail, and plunge one end of 
it into iron filings, and then re- 
move it ; np filings cling to the 
nail. Next, wrap a piece of pa- 
per around the nail, leaving the 

ends exposed, and wind around it 20 or more turns of copper wire, 
taking pains that the coils do not touch each other. Now connect the 
wire with the zinc and copper just used, so that there will be a con- 
tinuous connection from one strip to the other through the coil, and 
dip one end of the nail again into the filings; raise the nail, and a 
considerable quantity of filings cling to the nail. 

From these experiments, and others which will be performed 
later, it appears that when the zinc and copper are thus placed 
in acid and connected by a wire, the wire exhibits unusual prop- 
erties. The cause of these and many other allied phenomena 
is called dectricUy^ and these properties in the wire are attributed 
to the passage of an electric current through it. 

Almost from the dawn of the science of electricity there have 
been many who have believed in the existence of an " electric 
fluid " ; but it is not yet claimed that there is any positive proof 
of its existence, and therefore we cannot affirm that a current 
passes through the wire. Yet the theory upon which these 
terms are based is at least a convenient one by which to explain 
the various phenomena, and the terms are therefore universally 
used. 
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§152. Borne definitions. — Experiments (not easily per- 
formed by the pupil) show that the current trayeraes the liquid 
between the metallic plates in the battery at the same time that 
it traverses the connecting wire, so that the cuiTcnt makes a 
complete circuit. The term circuit is applied to the entire path 
along which electricity is supposed to flow, and the wire along 
which it flows is called the conductor. Bringing the two extremi- 
ties of the wires in contact, and separating them, is called, tech- 
nically, making a)id breaking y or closing and opening^ the circuit. 

Our arrangement of acidulated water and two metals is called 
a voltaic^ cell, element ^ or pair, A series of cells, properly con- 
nected, is called a battery ^ though this term is sometimes applied 
to a single cell. 

§ 153. Direction of the current. — It is evidently neces- 
sary, in defining a current, to know its direction ; but a« no 
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phenomena known serve to indicate the direction, electricians 
have universally agreed to assume that in such a cell as described 
the electricity flows from the copper to the zinc in the wire. 

Experiment. Place the conducting wire over and parallel with a 
magnetic needle, in the manner represented in Pigurc 122 ; the north 
end of the needle is deflected toward the west. Turn the cell half-way 
around so as to have the position in Figure 123 ; a deflection of the 
needle toward the east shows that the current is reversed. 



1 Voltaic, /yx>ffi VoUat an Italian, who devised the voltaic pile, which is i^Q parent 
of all batteries. 
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§ 154^ Poles or eleotrodes. — The copper strip is fre- 
qaently called the negative plaie^ and the zinc strip the positive 
jdate^ and the end of any conductor connected with the copper 
or negative plate is cafi«d the positive pole, or electrode^ while 
the end connected with the ziiie or positive plate is called the 
negative pole, or electrode. Then, by our assumption, if we bring 
together the + and — electrodes, the <auTent passes from the 
former to the latter, across the junction ; and generally that plate 
and that electrode is + from which the current goes, and that 
plate and that electrode is — to which the current goes. 

§ 1S6. Potential. — If a current of water is to flow from 
one vessel A to another B through a pipe, we know that there 
must be a greater pressure at the end of the pipe next A than 
at the other end ; i.e., in ordinary language, the head of water 
in A is higher than in B. So in the study of electricity we find 
two bodies in different conditions such that a current of elec- 
tricity flows from one (A) to the other (B) , and we say that A has 
a higher potential than B. In the experiments already tried the 
4- electrode, or the wire connected with the copper, has a higher 
potential (according to our assumption for the direction of the 
current) than the —electrode or the wire connected with the 
zinc. 

It is not necessary that we know the hight from the center of 
the earth, or above the level of the sea, of a reservoir, and the 
tank it is to fill ; what we want to know is the difference in 
hight between the two. Just so it is difference of potential 
that determines the direction of the flow, and the quantity of 
electricity that is to flow through a given conductor in a given 
time. Sometimes the potential of a body is expressed as so 
many units above or below that of the earth, assumed as 
zero. 

§ 156. Ampere's rule for deterxnininfir deflection, etc. — 
If the magnetic needle is placed over the current, its defiectr 
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Fig. VH. 



is the reverse of that produced when placed beneath it. This 
tends to confase ; bat an artifice, proposed by Ampere, will 
readil}' enable us to determine the deflection, when the direction 

of the current is known, and to deter- 
mine the direction of the current when 
that of the deflection is known. He 
suggests that we imagine ourselves to he 
swimming in the current, and with the 
current, and facing the needle; in which 
case the north end of the needle will 
always he deflected towards our left. 
(The pupil should test this rule experi- 
mentally in various ways and many times, till he is familiar with 
its application.) 




§ 157. Galvanosoope. — The magnetic needle serves the 
double purpose of determining both the presence and direction of 
a cun-eut in a wire. A needle used for these purposes is called 
a galvanoscope.^ Electricity set in motion by a voltaic battery 
is called galvanic or voltaic and sometimes cuirent electricity. 

EXERCISES. 

1. Let the current be above the needle, and go from N to S ; what 
will be its deflection? 

8. Let the current be below the needle, and go from S to N ; what 
deflection will it cause? 

8. Let the needle be above the current ; what must be the direction 
of the current when the north end is deflected to the east? 

4. Let l!!ie needle be below the current, and the deflection toward the 
east; what is the direction of the current? 

6. What is the ettect when the current Is at the side of the needle? 



§ 158. How electric energry origrinates. — If you take the 
liquid from a battery after considerable zinc has disappeared in it, 
and evaporate it, there will crystallize out of it a white, transparent 

1 Oalvanoscope, named for OnUvanit one of the early discoveren in electricity. 
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solid in needle-like crystals. This substance is a compound of 
zinc and sulphuric acid, and is called zinc svIpJiate. The solu- 
tion of the zinc is the result of a chemical action between the 
zinc and the acid. Hydrogen is another product of the action. 
The water serves as a solvent of the zinc sulphate. The chemist 
symbolizes sulphuric acid thus, Hj SO4 ; zinc, Zn. He describes 
the change that occurs by saying that the zinc replaces the 
hydrogen Hj in the acid (in other words, the hydrogen is set 
free from the combination) , while the SO4 part of the acid unites 
with the zinc, and forms zinc sulphate, ZnS04. But we have 
also discovered another important result of the operation; 
namely, that electric energy is developed by the chemical action 
between the liquid and the zinc. 

Is the electric energy created out of nothing ? We have already 
become familiar with the fact (§ 105, page 140) that chemical 
potential energy in a lump of coal may be converted into kinetic 
energy, as is constantly done in the steam engine. Similarly, 
we might bum zinc to make st^am. Coal and zinc, then, possess 
a power to enter into new combinations ; this power is usually 
called chemical energy^ or diemiam. It exists in a potential 
condition, until it is aroused from this dormant state by bring- 
ing together suitable substances. When chemical* energy be- 
comes kinetic, it may be transformed into mechanical energy, 
as when a cannon-ball is set in motion by the burning of gun- 
powder; or it may be changed mto heat, as in the ordinary 
burning of Aiel ; or into both heaJt and electric energy^ as in the 
burning of zinc in the battery. 

§ 159. Why the hydrogen appears at the oopper plate. 
— When zinc dissolves in sulphuric acid, h3'drogen is liberated, 
and ordinarily rises at once in bubbles ; but in the voltaic cell it 
rises fh)m the copper, yet no bubbles are seen to move through 
the liquid between the plates. As a plausible but imperfect ex- 
planation of these phenomena, the well-known hypothesis of 
GrotthusB was offered. It assumes what many chemists belie*— 
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that at the instant that & substance is liberated ft^ni a com- 
pound it poBsesaes unusual readiness to enter into combination 
with other molecoles. 

Let the circles 1, 2, 8, etc. (Fig. 125), repreMut a series of 

molecules of UiSO, connedang the two plat«s. At the inatant 

the circnit is closed 

the SO4 of molecule 1 

uoites with a molecule 

of zinc, setting fVee 

its H) ; this instantly 

unites with the 8O4 ot 

molecule 2, forming a 

new molecule, 1', of 

H2SO1, and settijig 

free the H^ of molecule 

2. This Hj unites with 

the SO, of molecule 3, 

forming molecnie 2'. This decomposition and recomposition 

continues till the H, of molecule 6 is set free. This H, unites 

with other molecules of hydr<^u, and finally rises in a bubble 

to the surface ; so the molecule of hydrogen that esc&pea is 

not the molecule that was first set free at the zinc plate. 

% IGO. Electro-chemical series. — If two plates of zinc 
were used in a cell, instead of a zinc and a copper, we should 
Have a tendency to opposite currents, which would neutralize 
each other ; or, stated difi'erently, there would be no difibrence 
of potential between the two plates, and so no current. It is, 
therefore, important that only one of the metals should be act«d 
upon. The greater the diaparity between the two solid elementa, 
with reference to the action of the liquid on them, the greater the 
difference in potential; hence, the greater the current. In the fol- 
lowing electro-chemical series the substances are so arranged 
that the most electro-positive, or those most affected by dilnte 
sulphuric acid, are at the beginning, while those moat electro- 
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negative, or those least affected b}' the acid, are at the end. The 
arrow indicates the direction of the current through the liquid. 
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It will be seen that zinc and platinum are the two metals best 
adapted to give a strong current. 

The essential parts of anj- galvanic cell in the ordinary form 
are a liquid and two different solids, one of which is more 
readily acted upon chemically by the liquid than the other. 

§ 161. Importance of amalfiramating the zinc. — All 
commercial zinc contains impurities, such as carbon, iron, etc. 
Figure 126 represents a zinc element having on its surface a 
particle of u-on a, purposely magnified. If such a ^^ ^^ 
plate is immersed in dilute sulphuric acid, the par- 
ticles of iron with the zinc ¥nll form numerous voltaic 
circuits, and a transfer of electricity along the surface 
will take place. This coasting trade, as it were, be- 
tween the zinc and the impurities on its surface, 
diverts so much from the regular battery current, and 
thereby weakens it. In addition to this, it occasions 
a great waste of chemicals, because, when the regular 
circuit is broken, this local action^ as it is called, still 
continues. If pure zinc were available, no local action would 
occur at any time, and there would be no consumption of 
chemicals, except at times when the circuit is closed. If 
mercury is rubbed over the surface of the zinc, after the latter 
has been dipped in acid to clean its surface, the mercury dis- 
solves a portion of the zinc, forming with it a semi-liquid 
amalgam which covers up its impurities, and the amalgama^'^ 
zinc then comports itself like pure zinc. 
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XSVIII. VAM0U8 BATTERIES. 

g 16& Polarisation of plates. — When the zinc and cop- 
per elementB are first placed in the dilute acid, a very good 
current of electricity is prodnced ; but the cnrrent soon becomes 
fteble. The cause is easily discovered. The liberated hydro- 
gen adheres very strongly to the copper, as there is nothing for 
it to unite with chemically ; and therefore the plate is verj- soon 
visibly covered with bubbles, which may be scraped off with a 
feaUier or swab, but only to have the same thing repeated. This 
coating of bubbles impedes, to a considerable extent, the flow 
of electricity, and diminishes the current. Besides, a plat« 
coated with hydrc^en is more strongly electro-positive than zinc, 
and so, as the coating slowly forms, the difference of potential 
between the two plates becomes less and less ; the current, 
therefore, must become weaker and weaker as the coating thick- 
ens. This action is usually called palar^a- 
Hon of the plates. Very many methods have 
, been devised for remedying these evils. They 
are all included in two classes : mechanical 
and chemical methods. 

S 163. Smee battery. — The Smee bat^ 
tery (Fig. 127) is an example of the former 
class. A silver plate, or sometimes a lead 
plate, is coated with a fine, powdery deposit 
of platinum, which gives the surface a rongh 
character, so that the hydrogen will not 
readily adhere to it. Dilute sulphuric acid is used in this bat- 
tery. I'his plate is suspended between two zinc plates, bnt not 
allowed to touch them. 

A very effective battery may be constructed by arranging that 
the copper plat« may revolve in the liquid, so that the hydrogen 
may be removed by friction between the plate and liquid. But 
this necessitates a constant force to keep the plate in motion. 
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No mechanical method can wholly prevent the collection of 
hydrogeo on the electto-negatiTe plate. This can only be com- 
pletely accomplished by furnishing some chemical with which the 
hydrt^n, as soon as liberated, may go into combination. 

S 164. Grenet battery. — In the '^- '*" 

Grenet or botde battery the hydrogen 
is disposed of by chemical action. 
The chemical action is quite complex, 
and will therefore be omitted. The 
liquid used is a mixture of potassium 
bichromate and eulphuric acid die- 
Bolved in water. The zinc plate Z 
(F^. 138) is suspended between two 
carbon plates, C, 0. The carbons 
remain in the liquid all the time. 
(Carbon is now lai^ely used in 
batteries for the electro -negative 
plate.) 

This batter)' gives a very energetic 
current for a short time, but the liquid soon becomes exhausted'. 
It is a very convenient battery, as, when not in use, we have 
only to draw the zinc out of the liquid by the brass st«m a, 
and, on pushing the zinc back into the liquid, action commences 
immediately. It is well to allow the battery to " rest" occa- 
sionally by withdrawing the zinc from the liquid for a short time. 
With one Grenet cell nearly everj- experiment described in this 
book can be performed. 

S 165. Bunaen'e and Qrore's batteries. — There is, 
also, besides the aingle-fluid batteries, a lai^ number of twb- 
fiuid batteries. The zinc is immersed in the liquid to be de- 
composed, which most frequently is dilute sulphuric acid, and 
the conducting plate is surrounded with a liquid which can be 
decomposed by hydrc^n. The two liquids are usually sep- 
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arated by k porous partition of unglazed earthenware, which 
prevents the liquids ttom mingling, except very slowly, but does 
not prevent the passage of hydrogen or electricity. Bunsen's 
battery (Fig. 129) has a bar of carbon immersed in strong nitric 
iicid contained in a porous cup. This cup is then placed in 
imother \-esBel containing t^e dilute salphnric acid ; and im- 
mt'i'sed in the same liquid is a hollow, cylindrical plate of zinc, 
which nearly atirrounds the porous cup. The hydix^n trav- 
crses, by composition and i-ecomposition, the sulphuric acid, 
passes through the porous partitiou, and immediately enters into 
chemical action witli the nitiic acid, so that none reaches the 
* carbon. There are produced by 

this action, water — which in time di- 
lutes the acid — and orange-colored 
fnmes of nitric oxide, which rise from 
the battery. These fumes are very 
offensive, corrosive, and poisonous. 
If the nitric aciil is first snturated 
with nitrate of ammonium, the acid 
will last longer without dilution, and 
the fumes are almost entirety pre- 
[ vented. Strong sulphmlc acid will 
not answer in any battery. Usually, 
to one part of sulphuric acid about 12 
paits by weight or 20 by volume of water are added to dissolve 
tlie sulphate of zinc formed. 

Grove used a strip of platinum instead of the carbon rod in 
his battery. When carbon is used for the n^ative plate, a so- 
lution of bichromate of potassium is frequently substituted for 
nitric acid, and thereby the disagreeable fiimes are avoided. 
Bunsen's and Grove's batteries are unequalled for powerful 
and constant cuiTeuts, and are the beet for ordinary lecture- 
room ex|>erimeuts ; but they require frequent attention, and 
arc exixiiisive, so that they are little used for work of long 
daration. 
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§ 166. Gravity battery. — The battery principally used in 
tblB couDtr; for tol^raphing is called the gravity baUery. A 
copper plate C, Figure 130, is a, «, 

placed on the bottom of a vessel 
and covered with crystals of cop- 
per sulphate (blue vitriol), and 
the whole covered with water. 
As the vitriol dissolves, it« spe- 
cific gravity causes it to remain 
at the bottom, in contact with tlie 
copper plate. The zinc plate Z 
is suspended in the clear liquid 
above. To start the action quickly, 
a teaspoonful of common salt or 
zinc sulphate is dissolved in the 
water. As the chemical action 
proceeds, the vitriol is decom- 
posed, its salphuric acid constitu- 
ent unites with the zmc, forming soluble zinc sulphate, and the 
copper constituent is deposited In a metallic state on the copper 
plate. The zinc does not require amalgamation. 

XXIX. EFFECTS PRODUCED BY ELECTRICITY. 

§ 167. Heating effect. — Experiment 1. Introduce between 
the electrodes of a Bunsen or Qrenet cell a piece of platlnam wire A, 
Figure 131, aboat 6™ long and In size about No. 30. The platloum wire 
becomes white hot. 

Ebcperiment 2. Stretch the platiunm wire over a gas-bnmer, tarn 
on the gas, and light It by the heat of the wire. 

Experiment 8. Strew lycopodlnm powder over a tuft of cotton-wool, 
and Ignite it with the heated wire. 

Expertment 4. Connect the batter; wires (Fig. 131) with a gal- 
vanometer (see page 19S) O, as In the Sgure; the needle Is <leflected. 
BeiDOve the platinum wire, and close the circuit; the needle la deflected 
more than before. 

What transformations of enei^y took place in the above ex- 
periments ? 
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, Ijiuniiioafl edibot. — We li*Te »iieady seen one iDos- 
f^_xa. tntioo of this effect 

in the glowing of the 
white-bot platinam 



AtUch 
ODC pole of Om battery 
to a Ok: (Fig. 13S), and 
paaa tbe other pole over 
its rotigti surface. The 
Die forms put of the 
drcntt; and as the wire 
passes over It. the cir- 
calt Is raptdlj made and 
brolwn, and each break 
The shower 





particles of iron that 
I ate projected Into the 



I §169: Chemical 
effect. — Expe 
ment 1. Steep some 
leaves of pnrple cab- 
bage; the lofunlon has a deep pnrple color. I 
■olve a little caustic soda, and pour a few drops 
of the aolotlon Into a porUon of the Inftision, and the purple will be 
changed to a green. CansUc soda is an alkali, and cabbage Infusion Is 
tamed green only bj alkaliea. Ponr a tew drops of dilute Bolphuiic acid 
Into another portion of the Inhislon, and the purple will be changed to a 
red. Only acids tnm purple cabbage infuBlons red. Now prepare a cod~ 
centraled aolutlou of sodlnra solphate. Color the solntlon with a por- 
tlon of the pnrple cabbage infnslon, and partly dll a V-shaped glass tnbe 
(Pig. }3») with this liquid. Employ a battery of two Grove or Grenet 
cells connected In series. (See p. 808.) Attach to the poles of the 
batlery-wlrea two narrow strips of platinnm, and place one of these 
«trips 111 each branch of the tnbe, a little way apart, so that the conent 
will be obliged to traverse s part of tbe liquid. Close the circnlt; 
bubbles of gas are Immediately disengaged from the platinum strips; 
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soon the liquid around the —pole is turned green, while that around 
the +pole is turned red. Evidently decomposition of the sodium 
sulphate has taken place ; an acid and an alkali are the results. 

The current which is maintained by chemical a^stion in- the bai- 
tery is capable of doing chemical work outside the battery. A 
sabstance that may be decomposed by electricity is called ah 
electrolyte^ and the process electrolysis,^ The electrolyte must be 
a compound substance, and in a liquid state, either by solution 
or fusion. A large number of substances are composed, like 
sodium sulphate, of an acid, and either an alkali or some other 
substance that will neutralize an acid. Any substance that will 
neutralize an acid is called a base, and a compound of an acid 
and a base is called a salt. When a salt is electrolyzed, the 
base always appears at the —pole, and the acid at the -f pole. 

Experiment 2. Prepare a solution of the salt copper sulphate^ 
and subject it to electrolysis, as in the last experiment; copper collects 
on the —platinum, and sulphuric acid and oxygen at the +platinuiA. 
Remove the platinum strips, and introduce the copper terminals ; cop- 
per is now deposited on the —pole as before, but the +pole wastes 
away. 

The chemical symbol for copper sulphate is CUSO4. By 
electrolysis it is separated into Cu and SO4. When a copper 
+pole is used, the SO4 immediately unites with a molecule of 
the copper (Cu) of this pole, and forms a new molecule of cop- 
per sulphate (CUSO4), which is dissolved by the water. This 
accounts for the wasting away of the +pole. The solution 
does not lose its strength, for as fast as a molecule of copper 
sulphate is decomposed, another is formed. But when platinum 
poles are used, the SO4 does not combine with the platinum, but 
enters into chemical action with the water. The SO4 combines 
with the hj'drogen of the water, forming sulphuric acid, and the 
oxygen of the water is set free. (SO4 -f Hg O = Hj SO4 -f- O.) 

1 Blectrolysis, a lootenmg fry tiUcMcUy. 
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The liberation of the oxygen is the result of a secondary chemi- 
cal action, subsequent to the electrolytic action. 

Experiment 3. Prepare a solution ot tin chloride, by ilUsolvins 
scraps of granulated tin In hot hydrochloric acid. Add a little water. 
Electrol^ze this salt In solntion, using ptatlnnm poles. A .l)eaQtlful 
growth of tin crystals will shoot out from the —pole and spread 
towards the + pole, bearing a strong resemblance to vegetable growth ; 
hence It Is called the " tin tree." 

In a similar manoer, silver and lead trees may be prepared 
from their salts, silver nitrate and 
lead acetat«. Each metal has its 
own peculiar form of growth ; and 
sometimes the same metal, par- 
ticularly silver, exhibits different 
forms, according to the strength 
of the solntion and the power of 
the current. In Figure 134, A 
represents a silver tree deposited 
from a weak solution of silver 
nitrate, and B a tree formed fh>m 
a still weaker solution of the 

Elxperlment 4. Remove the bot- 
tom of a glass bottle having a wide 
mouth, fit a cork to the month, and 
pass two Insulated wires througt tin 
cork, terminating In platinum strips (Fig. 135). FUl two test-tabes Kif 
part of the inverted Ixittle with dilute sulphuric acid, and invert the 
tubes over the platinum poles. The clrciilt is thus closed through the 
liquid. Bubbles of gas Immediately rise from the poles and displace 
the liquid in the tubes. About twice as much gas collects over the 
— pole as over the +pole. Thrust a lighted splinter into cacli of the 
gases : the former burns ; the 1att«r causes the splinter to bum much 
more rapidly than it burned in the air. This indicates that the former 
is hydrogen gas and the latter oxygeu gas. 

t>ince puie water is an almost perfect non-vonductor of elee- 
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tricity (page ^03), the probable explnnation of this action is 
very closely like that already given (page 185) 
for Uie action in the simple cell. The salphuric 
acid is decomposed ; H,SOi becomes H, + SO, ; 
liienSO( + H,0 becomeBH,aO, + 0. It is oer- 
t^n that water U ultimately decomposed, for no 
sulphuric acid is lost. This electrolysis shows 
that water is comitosed of two parts by volume 
of hydrogen to one part of oxygen. (Why 
ougbt not copper poles to be used in this experi- 
ment? Ascertain, by inserting a galvanometer 
in the circnit, whether the current is weakened 
by performing the work of electrolysis. ) 

When the poles of a strong battery are applied 
for some time to a person's skin, blistei-s appear under tJio poles. 
The serous fluid that comes from the vesicles under the (lositive 
pole is acid ; the fluid in the vesicles under the negative [)ole is 
alkaline. 

§ 170. Hiysiological effect. — Experiment. Place the tip 
o( tbe tongne between the two poles of a single cell, so that the 
toQgne may form part of the circuit; ^^ 

a stinging Bensatlon Is felt, accom- 
panied by a peculiar acrid taste. 

When a battery is known not 
to be very powerftil, the tot^uc 
serves as a very convenient gal- 
vanoBCope, to determine whether 
the circnit is in working condition, 
and approximately the strength of 
the current. If the crural nerve 
(a white cord next the backbone) 
of a frog, recently killed, is laid 
bare, and one of the poles of a batteiy is applied to it, on touch- 
ing a naked muscle of a leg with the other pole, the muscles are 
inetantly convulsed and the leg drawn up, as represented by the 
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dotted linea in Figure 136. The same convulsion occurs at the 
instant the circuit is broken. By touching the nerve with a 
piece of zinc, and the muscle with a copper wire, as represented 
in Figni'e 136, similar convulsions occur, on bringing the tree 
ends of the metals in contact, and on their separation. The 
cause is obvious ; for the two metals and the moistnre of the 
flesh furnish all the essentials of a voltaic element. 

The in-itability of nerves and muscles begins to dimiDish after 
death, and sooner or later disappears. It disappears much 
sooner in warm than in cold-blooded animals. In the limb of 
a ttog that is pro^^erly protected, and kept at a cool temperature, 
it may remain for two, three, or even four weeks. If one pole 
is armed with a soft sponge, wet with salt water, and pressed 
firmly on tlie dosed eyelid, while the other b applied at the 
back of the neck, or held in the hand, making and breaking the 
circuit will cause a sensation of light of various colors. 

§ 173. Magnetic effeot. — Experiment. Obtain an insulated ' 
copper wire, wind twenty or more tarns around a rod of well-annealed 
— ^ jj. iron, 10™ long and about 1™ In diameter, and close 

the circuit. Bring a nail (Rg. 137), or other piece 
of Iron, near the rod. The rod attracts tlie nail 
with ranch force, and this nail will attract other 
nails. The rod haa acquired all the properties of a 
magnet, as will be seen hereafter. But the instant 
the circuit Is broken, the Iron loses Its magnetic 
force, and the nails drop. 

The more times the wire is wound around 
the rod, within a certain limit, the more power- 
iblly is it monetized. This arrangement is 
called an electro-magitet, because it is a mag- 
net produced by electricity- The i-od of iron 
is called its core, and the coil of wire the kdix. 
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n order to take advantage of the attraction of both ends or 

x>les of the magnet, the rod is most frequently bent in a U-shape 

(A, Fig. 138), and then it is Fig. las. 

called a horse-shoe magnet. 

Sometiines two iron rods are 

used, connected by a rectan* 

gnlar piece of iron, as a, in 

B of Figure 138. The method "^ ~ i< 

of winding is such that if the iron core of the horse-shoe were 

straightened, or the two spools were placed together, end to 

end, one would appear as a continuation of the other. A 

piece of soft iron, 6, placed across the ends, and attracted by 

them, is called an armature. The piece of iron a is called a 

hoAik arvMXture, 

XXX. ELECTRICAL MEASUREMENTS. 

The wonderfbl developments of electrical science in recent 
years are almost wholly due to a better understanding of what 
electrical measurements can and ought to be made, and how to 
make them. Most of this increased knowledge has been gained 
since the first Atlantic cable failed in 1858. Let us learn how 
to make some of them. 

§172 Strenfirth of current. — It is evident that the ther- 
mal and luminous efiTects of electrical discharges, electro-chemi- 
cal decomposition, the deflection of the magnetic needle, the 
magnetization of iron, and even physiological effects, or any 
external manifestation, may be employed to detect the presence 
of an electric current, in a circuit however extended. It is also 
obvious that the ma^itude of these effects may serve to mea^aure 
Hie strength of the current. Now, as the quantity of water that 
passes through a given pipe in a minute or an hour indicates 
the strength of the current, so by the strength of an electric cur- 
rent is meant the quantity of electricUy that passes through an 
dectrical conductor in a unit of time. 
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§ 173. Voltameter. — The quantity of electricity that passes 
aay cress section of any conductor in the same circuit, however 
long, is, unless there is a leakage at some point, necessarily the 
same. We may, therefore, introduce a platinum wire into anj- 
part of the circuit, and measure the strength of a current by the 
temperature to which the wire is raised ; or we may decompose 
water and collect the gases resulting therefrom ; the strength of 
current is inectsured by the qtuintUy of gets liberated in a unit 
of time. The latter arrangement, called a voltameter^ is easily 
Fig. 139. constructed sufficiently accurate for many pur- 

poses, and should be constructed and used by 
I A every pupil. 

In Fi^re 139, a is a glass tabe 50» long and 3<» in 
diameter (a much shorter tube will answer ; for ex- 
ample, a large sized test-tabe), closed at one end, 
and gradaated in cubic centimeters (this may be 
done by means of a paper scale pasted on one side 
of the tal>e} ; 6 is a l>ottomless glass bottle of about 
1 liter capacity. Through the stopper of the liottle 
pass two insulated wires, terminating in platinum 
strips, which are introduced a little way into the 
tube. The tube is filled with water slightly acidu- 
lated with sulphuric acid, and its orifice is im- 
mersed in the same kind of liquid, which partly fills 
the bottle. When the wires -are connected with a 
battery of two or more cells in series (see page 208) , 

the gas arising fh>m the decomposition of the water will collect in 

the top of the tube and displace the liquid. 

§ 174. Galvanometer. — The instrument in most common 
use for measuring current strength is the mimetic needle, which, 
besides its ordinary use as a galvanoscope^ performs the still 
more important office of a galvanometer. The simple magnetic 
needle, used as already described, answers tolerably well when 
the currents are strong, but it is not sensitive enough to be 
sensibly moved by very weak currents. If two equal currents, 
flo¥ring in the same direction, are placed one above and the 
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other below a magnetic needle, they tend to prodnee opposite de- 
flections, and to neutralize one another's effect, so that no deflec- 
tion occurs. Evidently, if thej' flow in opposite directions, they 
tend to produce a deflection in the same direction, and the result 
is a deflection twice as great as that produced by a single cur- 
rent. The same result is accomplished if the same current is 
made to pass both above and below a needle, as in A, Figure 
140. If the wire were carried four times around the needle, as 

Fig. 140. 



B 





^=1 




in B, the influence of the current on the needle would be about 
four times that of a single turn. Very sensitive galvanometers, 
constructed on this principle, often with thousands of turns 
of wire, are sometimes called long-coil galvanometers, in dis- 
tinction from those having few turns, which are called short-coU 
galvanometers, 

§ 175. Tanffent gralvanometer. — The arrangement de- 
scribed above is more commonly used as a galvanoscope than a 
galvanometer, though it ma^^ be so calibrated as to answer the 
latter purpose. The law connecting the current strength with 
the deflection of the needle of this galvanometer is not known ; 
but in another form, called the tangent galvanometer, the rela- 
tion is expressed in a simple tangent of the angle of deflection. 
This apparatus is constructed on the principle that the strength 
of currents are proportioTial to the tangents of the angles of 
deflection, when the needle is ver}^ short in comparison with the 
diameter of a circle described by a current circulating around 
it. 
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A magnetic needle, about 2.5<^ long, is suspended freely by an un- 
twisted thread n, Figure 141, In the center of a copper hoop a, about 
30^ in diameter, which terminates in the wires ww' ; and these are con- 
nected with the battery whose current is to be measured. A circular 
card-board cc^ containing a circle divided to degrees to indicate the 
extent of deflection, is placed beneath the needle. The ring being 
placed so that It is parallel with the needle, the needle points to 0° on 
the scale. When a current passes through the ring a, the needle is 
deflected. The tangents of the angles of deflection may be found by 

Fig. 141. 





reference to a Table of Natural Tangents in Section D of the Appendix, 
and the relative strengths of currents may be determined by the law 
given above. The construction of a very simple galvanometer that 
may be used as a tangent galvanometer, and which will answer all 
requirements of this book, may be found in Section E of the Appendix. 

§ 176. Experiments in measurements. — Inasmuch as 
the magnitude of the effects that can be produced by an elec- 
tric current, or the amount of work that can be done by it, 
depends upon the strength of the current, it is of the utmost 
importance to understand the principles by which it is regu- 
lated. A few experiments will make this apparent. Provide 
four coils or spools of insulated wire. Mark the coils A, B, C, 
and D. Let A contain 100 ft. (about 1 lb.) of No. 16 copper 
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wire; 
wire; 



B and C respectively 100 ft. and 50 ft. of No. 80 copper 
and D 50 ft. of No. 30 German silver wire. 



Experiment 1. Place a galvanometer G aud coil A in the same 
voltaic circuit, connected as shown in Figure 142. Note the number 
of degrees the needle is deflected. Next substitute coil B for A, and 
note the deflection. The deflection is less than before, showing that 
of ttoo wires of the same material and equal lengthy the larger transmits, 
from the same source , the stronger current. 

Fig. 142. 




Experiment 2. Place coil C iu the circuit with B, aud compare the 
deflection with that produced when B alone was in the circuit. The 
deflection is less than before. (Why?) Take B out, and leave C in 
the circuit. The deflection is greater than when B alone was in the 
circuit. Other things being the same, the shorter wire transmits, from 
the same source^ the stronger current. 

Experiment 3. Introduce D in the place of C, and compare the 
strengths of the currents in these two wires. The copper wire trans- 
mits, from the same source, a stronger current than the German silver wire 
of the same length and size. 

Experiment 4. Compare the currents Airnished by a Grove or 
Hiwseu, and a Smee or a gravity cell, when the same coil, for in- 
stance B, is in the circuit. The Orove or Bunsen cell gives the stronger 
current, 

§ 177. On what strengrth of current depends. — It ap- 
pears that the strength of the current varies not only with th^ 
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siz€y lengthy and hind of conductor^ but also with the kind of 
battery used. These will be considered oonsecutiyelj. It is 
evident that all conductors do not allow the current to pass with 
equal facility ; in other words, some conductors offer more re- 
sistance to the passage of a current than others. The larger 
conductor offers less resistance than the smaller. It is found 
by experiment that (1) the strength of currents varies directly 
as the areas of the cross sections of the conductors, or the squares 
of the diameter's of cylindrical condtictorsy inasmuch as areas 
vary as the squares of their diameters. (2) It varies in- 
versely cw the length of the conductor, i.e., if a wire one mile 
long offers a certain amount of resistance, a wire two miles 
long will offer twice as much resistance. (3) It varies in- 
versely as the specific resistances of the substances used for con- 
ductors. The conducting power of a substance is the reciprocal 
of its resistance. Hence, if we know the conducting power of 

any wire, we know that the resistance = ; — ^-r— ? or the 

J conductivity 

conductivity = • 

resistance 

Resistance is expressed in units called ohms^ (see § 181). 

The student can easily provide himself with a standard having 

approximately a resistance of one ohm, bj^ obtaining 40 feet of 

No. 24 ordinary copper wire 0.5*"™ in diameter. 

§ 178. Formula for resistance. — Having found that re- 
sistance varies directly as the length, and inversely as the squares 
of the diameters of conductors, we may include all its laws in the 
formula R — K — • 

in which R = the resistance, ^ = the length, and d the diameter 
of a cylindrical conductor. K is a constant, such that when the 
material of the wire is known and the denomination in which 
I and d are expressed, a value of K taken from a table may be 

1 Ohm, from the name of a German savant. Dr. O. S. Ohm, who first euunclated 
the laws which determine the strength of currents. 
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substituted in. the equation, and thus enable us to find the value 
of R in ohms. Thus let it be required to find R of 1000 ft. of 
copper wire 0.1 inch4n diameter. The table gives the value of 
K as 9.72 when the length of the wire is measured in feet, and 
its diameter in thousandths of an inch ; since 0.1 inch equals 100 

thousandths, R = 9.72 x ^222 = 0.972 ohm. 

100* 

In the following table are given the relative resistances of 
several substances, and the values of K in the above equation 
when I is expressed in feet and d in thousandths of an inch. 

KBFBRBNOB TABLB OF BBLATIVB RESISTANCES, ETC. 

Rel. Resist. K. 

SUver ®(PC 1.00 9.16 

Copper ** 1.06 9.72 

Zinc " 8.74 84.2 

Platinum " 6.02 56.1 

Iron " 6.46 69.1 

German silver »* 13.91 127.3 

Mercary '* 68.24 578.6 

Rel. Resist. 

Nitric acid — commercial @ 16 to 28 C 1,100,000 

Sulphuric acid, 1 to 12 parts water " 2,000,000 

Common salt — saturated sol. '' 3,200,000 

Sulphate copper ** " 18,000,000 

Distilled water not less than 10,000,000,000 

Glass @ 200° C 16,000,000,000,000 

Gutta percha @ 0° C. . . .6,000,000,000,000,000,000,000 

The resistance of metals increases slowly as the temperature 
rises ; but that of liquids and the other poor conductors in the 
second list decreases very rapidly with a rise in temperature. 
The resistance of ordinary impure metals is often much higher 
than that given in the table. 

§ 179. Formula for internal resistance. — Resistance in 
a voltaic circuit may be divided, for convenience, into two parts ; 
viz., internal resistance (r), which the current encounters in 
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passing through the liquid between the two plates in the cell, 
and external resistance (R), which it suffers in the remain- 
der of its path. The internal resistance is governed by the 
same laws as the external resistance. In this case 
_ y distance of the plates apart (I) 
areas of the plates submerged (dP) 

QUESTIONS AND PROBLEMS. 

1. What length of copper wire will have the same resistance as a 
mile of iron wire of the same diameter? 

8. How can yoa reduce the resistance of an iron wire to that of a 
copper wire of the same length? 

8. About how much is the conductivity of water affected by adding a 
little sulphuric acid? 

4. How many times greater is the resistance of dilute sulphuric acid 
than that of copper? 

6. Upon what does the resistance offered by the liquid part of a 
circuit depend, and how may it be diminished ? 

6. What is the resistance of 600 ft. of copper wire .014 inch in 
diameter (No. 30 B.W. gauge)? Ans. 24.7 + ohms. 

7. What length of copper wire .006 inch in diameter (No. 38) will 
offer a resistance of 1 ohm ? 

8. What is the resistance of 16 yards of German silver wire (No. 30) 
.014 inch in diameter ? 

9. What is the resistance of 1 mile of iron telegraph wire, the usual 
size being . 175 inch in diameter ? 

10. Express in ohms the resistance of 1 mile of copper wire, 0.06 

inch in diameter? Ans. 9.72 x 5?^= 14.266 ohms. 

60* 

§ 180. Blectro-motive force. — The experiments described 
in § 151 show that electricity constantly flows in a closed circuit 
containing a voltaic cell ; hence the cell has the power of setting 
electricity in motion, or an electro-motive force (usually abbre- 
viated E.M.F.). Again, Exp. 4, § 176, proves that a Grove 
cell, in a circuit of a given resistance, sets in motion a greater 
quantity of electiicity than a Smee or gravity c^ll ; hence we say 
that the E.M.F. of a Grove cell is greater than that of the other 
two kinds mentioned. It has been found that E.M.F, depends 
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scleLy upon the ncUure and condition of the substances which form 
the battery, and is, consequenUy, quite independevU of tJie size of 
thepUUes and their distance apart. The unit employed in the 
measurement of E.M.F. is called a voU} It is about the E.M.F. 
of a current generated b}' one gravity cell. The following 
table exhibits the electro-motive force in volts of different 
cells : — 

TABLE OF ELEOTRO-MOTIVB FORCES. 

Gravity or Daniell 0.98 to 1.08 volts. 

Bunsen and Grove 1.75 to 1.95 '* 

Leclanch^, at first 1.48 to 1.60 ** 

Grenet " 1.80 to 2.3 

Smee 66 " 

The E.M.F. of the last three decreases cousiderably if the circuit Is 
closed for a few minutes. These numbers signify, for instance, that it 
will require 195 Smee cells to^give the same current in a circuit (of 
high resistance) as would be given by 65 Grove cells. 

§ 18L Ohm's Law. — The law which expresses the strength 
of the current, and is the basis of most mathematical calculations 
on currents, is expressed in the formula known as Ohm's Law. 
Calling the current C, the E.M.F. simply E, and the whole 
resistance in the circuit R, the formula expressing the law is 

In words, this means that the strength of the current is equal to 

the electro-motive force oftlie battery^ divided by the resistance of 

the circuit; i.e., C will be greater or less as E is greater or less, 

but will be less when R is greater, and greater when R is less. 

E 
The above relation — , when the external resistance is considered 

R 

separately iVom the internal, must be converted thus : calling 

the former R, and the latter r, the expression becomes 

R-f r 

1 yoWtfram the ttatM VoUa. 
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For single cells in ordinary use the value of r will usually be 
between .5 and 2 ohms. 

Current strength is measured in a unit called an amph'e,^ This 
is the amount of electricity flowing in one second through a cir- 
cuit, when E = 1 volt and R = I ohm. Then, evidently, 

C (current strength) = amperes per second, or 5SE$£22. 

time 

If a cell has E = 1 volt, and r = 1 ohm, and the connecting 
wire is short and stout, so that R may be disregarded, then 
the current has a value of 1 ampere. But if the connecting 
wire has a resistance, R, equal to 1 ohm, then 

C = --r-— = = - = .5 ampere. 

R-fr 1-fl 2 ^ 

§ 182. Summary of electrical^measurements. — Just as 
we express an amount of money in the denomination dollars^ or 
a mass of coal in the denomination pounds, we express elec- 
trical 

Potential, P (commonly, difference of P) . .in volts. 

Electro-motive force, E '• volts. 

Resistance, R " ohms. 

Strength of current, C " amperes per sec. 

The following will give some idea of the magnitude of the 
denominations. A gravity cell produces a difference of poten- 
tial or an electro-motive force (for these are only different ways 
of viewing the same quantity) of nearly 1 volt. To produce a 
spark 1"*" long requires from 3,000 to 4,000 volts. A No. 16 
ordinary copper wire 250 ft. long (diameter .051 inch, weight 
2 lbs.) has a resistance of about 1 ohm. About 150 ft. of cop- 
per wire 1"™ in diameter has a resistance of 1 ohm. An 
ordinary Grove cell may have an internal resistance of ^ ohm ; 
this cell will send through 125 ft. of No. 16 copper wire a cur- 
rent whose strength is 1 ampere. 

1 Formerly called a toeber. 
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PROBLEMS. 

1. What ciirreDt will be obtained tram a gravity cell when E = I, 
r — ZobJoa, and R= 10 ohms? 

8. What cnrrenC may he got from a gravity cell whoso internal re- 
i«lstaDce 1b 8 ohms, and external reslstaDce Is 3 ohmsF 

8. Wbat current will a Grove cell furnish, having the same Internal 
and external restetances as the last? 

g 183. Arranffement of batteries. — The internal resiBt^ 
ance ma; be dimiDisbed by placing the platea ss near to each . 
other as practicable, and by employing large plates, and thereby 
increasing the size of the liquid conductor. But it is not always 
convenient to employ very large plates, or we may have occasion 
to employ a battery for certain purposes, as we shall see pres- 
ently, in which large cells would be of little or no advanti^e. 
The same result that can be produced by a single pair of large 
plates, may be obtained by connecting the similar ^ ^ 
plates of several pairs in separate cells, thereby 
practically reducing several piurs to one pair 
having an area equal to the sum of the areas of 
ihe several pairs. Figure 143 illustrateB a method 
of connecting cells for the purpose of reducing 
the internal resistance. This is called arranging 
cells panUld. in mtUtiple are, or abreast. 

This arrangement ia very effectnal in increasing 
the current-strength when the internal resistance 
is the principal one to be overcome. For instance, 
call the electro-motive force (E) of a single cell 
1 volt, its internal resistance 5 ohms, and let the 
plates be connected by a short, thick wire, whose 
resistance may be regarded as nothing; then 
C = — = -=.2 ampere. How connect 10 similar 

cells abreast. The size of the liquid conductor 

being increased tenfold, tlie internal resistance is one-tenth 

BB large, and we have C = - = l-»-i^ = 2 amperes. So tbat 
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•D&en th^re is no external retittance, the current inareaaet as 
the aixe of the jitatea i> ineretwed. The same is approximately 
true in case the external resistance is very small in compariB<Hi 
with the interaal resistance. 

Again, let G^ 1, r = 5 ohms, as above, bat tike external re- 
sistance R = 200 ohms ; then C = i = .0048+ amp6re. If 



10 purs are connected abreast, C = - — -— -= .0O49+amp6re. 



1 
i + 2< 

In this case, the current is acaroelj' affected bj inoreaaiDg the 

number of cells abreast. The question then arisea, what can be 

done to increase the carrent when the external resistance is 

necessarily lai^ ; as, for instanoe, when a long telegr^ih wire 

is used. In this case R, in Ohm's fiirmala, is unalterable, and 

leaaeidng r has little effect; 

so there remains only one 

way, viz., to increase E, the 

electro-motive force. How 

may this be done? If the 

cnrrent ftom a ceD, instead 

of passing immediately out of 

UkecelloDitajoamey, is made 

to pass through another cell 

first, one might Datnrally expect that eidier the two ceils would 

counteract one another in the circuit, or tiiat they would double 

the E.M.F. Experiment shows that the latter result is the tnie 

one, and that the E.M.F. is exacUg proporttonai to the number 

n/ celh connected in series. Cells so connected as to Increase 

the electro-motive force are sud to be joined in series or tandem. 

The method of c(»mecting the cells for this purpose is shown in 

Figure 144. 

It will be seen that In the multiple arc (Fig. 143) all the zinc 
plates are connected with one anotber, and all the oopper plates 
with one another. In the tandem arrangement the zinc of one 
ceU is connected witb the copper of the next throughout. 
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In the Ufit example given above, let us see what would be the 
effect of connecting the 10 cells in series. In this case E is 
increased tenfold ; and, as the current is 
obliged to pass through the liquid of 10 
cells instead of one, Ute internal resistance 
will also be increased tenfold ; hence, 

C = l2(J0 = .0400 ampere, more 

(5 X 10) + 200 
than eight times as much as before. Thus 
it appears that, when the ea^emcU resistance 
is large in comparison tmth ttte internal 
resistance, the current may be largely in- 
creased by mtdliph/ing the oella in series; 
in other words, by forming a hattery of 
great eleftro-motive force. In long tele- 
graph lines the Imtterj is made up of hun- 
Fig. 146. d r e d s o f 

cells joined 
in series. 

Large cells are used simply be- 
cause the fluids last longer, and 
to the cells need less attention. 

Sometimes a combination of the 
two arrangements gives a stronger 
current than either alone. The 
cells may be grouped together in 
pairs (as in Figure 145), ov in 
triplets (as in Figure 146), so as 
to increase the electro-motive 
force ; then the several groups 
may be connected abreast, to reduce the internal resistance. 

PROBLEMS. 
1. Suppose that the culls in the last example above be so Increased 
in site that r In each = .S ohm, what current will be got ttom the 
battery? 
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2. What current is there on a telegraph Mrlre 100 miles long, when 
it is in circuit with 40 Grove cells, the internal resistance of each cell 
being .5 ohm, the resistance of the wire 15 ohms to the mile, and the 
resistance of the earth counectious 100 ohms? 

8. An electric bell, whose resistance is .5 ohm, Is fouud to require a 
current of .02 ampere to liug it. How many gravity cells will it require, 
if the circuit consists of an iron wire 1 mile long, having a diameter 
of .165 iu. (= 4.29'"'»), disregardiug the resistance of the cells ? 

4. Which is the better arrangement (t.6., abreast or tandem) of 210 
gravity cells, each of 3 ohms resistance, against an external resistance 
of 10 ohms, and what will be the current with each? 

5. In a battery of 10 cells connected iu series, ten times as much 
zinc and acid are consumed as in 1 cell. Show how about nine- 
tenths of the chemicals may be wasted. 

6. In a certain circuit a battery of 40 gravity cells, each of 3 ohms 
resistance, is used. The cells are arranged in two groups of 20 cells 
each in series, and the two groups are so conuected as to diminish 
the internal resistance. If R= 120 ohms, what current will be obtained? 

7. Devise various arrangements of 30 cells in which r=,S ohm. 
Which arrangement is best when R= 10 ohms? wheu R=: 30 ohms? 

§ 184. General conclusions. — A perfect battery would 
have the following qualities : — 

1. It would have a high electro-motive force, 

2 . Its E, M, F. would he constant^ whetJier used to produce strong 
or weak currents, 

3. It would have a small and constant iniernal resistance. 

No battery fulfils perfectly all these conditions ; so, in practice, 
the use to which the battery is to be put, its first cost, and the 
trouble and expense of keeping it in order, determine which 
of these qualities shall be given up. The question. What is the 
best battery? is discussed in the Appendix, Section F. 

A current from a single cell, traversing a short, thick wire, 
will produce as large a defiection of a magnetic needle as a cur- 
rent from 500 cells connected in series. On the other hand, a 
message has been transmitted through the Atlantic cable, whose 
resistance is about 7,000 ohms, by a current generated in a 
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lady's thimble, and the signals produced were as distinct as 
those that would be produced by a cell of several square feet. 
In this case, the quantity of electricity that passed depended 
chiefl}^ upon the E.M.F. of the battery, and not upon its inter- 
nal resistance. (How, in the former case, can the current be 
increased? How could it have been increased in the latter 
case?) 

The same strength of current that would fuse an inch of 
platinum wire would ftise a mile of the same wire. But while 
one cell would fuse the inch of wire, it would require the E.M.F. 
of many hundred to maintain the same strength of current in 
the mile of wire. 

A battery of three cells arranged abreast will fuse a certain 
length of platinum wire, but will not be felt by a person holding 
the poles in his hands ; while a battery of 100 cells in series will 
not fhse the same wire, but will produce quite a shock. 

The power of an electro-magnet depends lai^elj' upon the 
number of times a given current circulates around its core, and 
upon the nearness of the current to the core ; for compactness, 
and to keep the current near the core, a fine wire must then be 
used. But a long, thin wire would offer large resistance, that 
might so reduce the current as to more than offset the advan- 
tage that would otherwise be gained. Hence, when there is 
littte oth^er resistance in a circuit, a large wire with few turns 
wm give the strongest dectro-rruxgnet. But if an electro-magnet 
is to be used in a circuit with other large resistance, then the 
introduction of a helix of many turns of fine wu-e would add 
littie more resistance comparatively, so the strength of the cur- 
rent would be reduced but littie, while a great gain would be 
made in the effect on the core. For the same reason, a galva- 
nometer intended to be used in circuits where there is little 
resistance, should contain only a few turns of large wire ; but 
if it is to be used with large resistance, it should contain a 
long, fine wire. EHectro-maqnets and galvanometers shovld be 
adapted to the drcuUs in which they are used. 
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QUESTIONS. 

1. A bell in Washington is to be rung by the action of an electro- 
magnet. The carrent used comes from a battery in New York. How 
should tlie electro-magnet be constructed? 

8. If you wished to measure the current, by the introduction of a 
galvanometer into the circuit in Washington, how should it be made? 

8. Would it require a different galvanometer if it were to be intro- 
duced into the same circuit in New York, only a few feet from the 
battery? 

4. Provided there were no leakages, how would the deflections at 
the two places compare? 



XXXI. MAGNETS AND MAGNETISM. 

§ 185. Permanent and temporary magnets. — One of the 
most familiar pieces of physical apparatus is a magnet. We 
know how it can pick up bits of iron and steel. By the aid of 
a small instrument already studied, we may make a pair of small 
magnets, and study their actions and laws. 

Experiment. Take the electro-magnet, described on page 196, and 
a conple of sewing needles or larger steel rods.. Apply these needles, 
one at a time, to one end of the electro-magnet, and draw them several 
times across it from end to end, always in the same direction, and not 
rubbing back and forth. Repeat the operation with an iron wire of 
the same size ; both the wire and the steel are attracted by the electro- 
magnet, but the iron wire more strongly. Observe that both, while in 
contact with the electro-magnet, possess the power of attracting bits 
of iron ; but, on removing them, the steel is found to retain the property 
it had, while the iron does not. 

Both of them exerted that peculiar force caHed magnetic force ^ 
or possessed the property called m^xgnetism; that is, both were 
magnets ; bat, as the steel retains its power, it is called a perma- 
nent magnet in distinction from a temporary magnet, like the 
iron wire or the electro-mi^net itself. The quality of steel by 
which it at first resists the power of mi^ets, and resists the 
escape of magnetism which it has once acquired, is called coer- 
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dve force. The harder steel is,, the greater is its coercive force. 
Hence, highly tempered steel is used for permanent magnets. 
Hardened iron possesses some coercive force ; hence, the cores 
of electro-magnets should be made of the softest iron, that the^^ 
may acquire and part with magnetism instantaneously. 

§ 186. Law of magnets. — Bxperiment l. Suspend the two 
magnets, each in a horizontal position, by threads that will not untwist, 
and several feet 

distant from each ^' ^*^' 

other. When they ^ ^\ \S ^^\ < ^ ^Ny^ 

come to rest, no- ' ^ , ^ ^ ^ J^ ^ ^ — -> 

' Permanent magnet Induced magnets. 

tice that they have 

taken up a direction nearly north and south. Tie a thread on the end 

of each that points to the north. 

This end, or pole, as it is usually called, we will speak of as 
the N-end, +, or marked end or pole, while the other is the 
unmarked, — , or S-end or pole. 

Experiment 2. Bring the marked end of one of the magnets near 
to the unmarked end of the other; they attract one another. Next 
bring the marked end of one near to the marked end of the other ; they 
repel one another. Bring the unmarked ends near one another ; they 
repel one another. 

We discover the following law of magnets : Like poles repel, 
unlike poles attract one another, 

§ 187. Magrnetic transparency and induction.— Experi- 
ment. Interpose a piece of glass, paper, or wood-shaving between 
the two magnets. These substances are not themselves perceptibly 
affected by the magnets, nor do they in the least affect the attraction 
or repulsion between the two magnets. 

Substances that are not susceptible to ms^netism are, like 
glass, paper, and wood, m,agneticaUy transparent. When a 
magnet causes another body, in contact with it or in its neigh- 
borhood, to become a magnet, it is said to induce magnetism in 
that body, i.e., it inflttences it to be like itself. As attraction, 
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and never repulsion, occurs between a magnet and an unmag- 
netized piece of iron or steel, it must be that the magnetism 
induced in the latter is such that opposite poles are adjacent ; 
that is, a N or +pole induces a S or —pole next itself, as shown 
in Figure 147. 

§ 18& Polarity. — Experiment 1. Strew iron filings on a flat 
Fig. 148. surface, and lay a bar magnet on 

them. On raising the magnet, it 
is found that large tufts of filings 
cling to the poles, as in Figure 
148, especially to the edges ; but the tufts diminish regularly in size 
from either pole towards the center, where none are found. 

Magnetic attraction is greatest at the poles, and diminishes 
towards the center, where it is nothing, or the center of the bar is 
neutral. The dual character of the magnet, as exhibited in its 
opposite extremities, is called polarity, and magnetism is styled 
2i. polar force. If a magnet is broken at its neutral line, as in 
Exp. 1, p. 28, it is found that equal and opposite polarities 
Fig. 149. exist wheye there is ordinarily no 

evidence of them. 





Experiment 2. Place a copper wire, 
through which a very strong current of 
electricity is passing, in a heap of iron filings, — then raise the wire; 
filings cling to the wire somewhat as they do to a magnet, as shown in 
Figure 149. 

This experiment, and those with the electro-magnet and the 
deflection of the magnetic needle by an electric current, and a 
multitude of others that the pupil will meet with, cannot fail to 
convince him that an intimate relation exists between electricity 
and magnetism, which, though differing in many of their prop- 
erties, yet alike in many, and almost invariably accompany- 
ing one another, and constantly merging one into the other, 
appear as if they were only different manifestations of one and 
the same agent. 
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§ 189. Attraction and repulsion between ourrente. — 
Let us study stiU further p,^ ^^ y,^ „j 

the properties of the cur- ^ 

rent. 

Experiment 1. Suspend 
two copper wires (Fig. 
150), each 50^ long, and 
aboat 5°"° apart, with their 
lower extremities dipping 
about 2™™ into mercury, so 
as to move with little re- 
sistance either toward or 
from each other. In Fig- 
ure 150 the current divides 
itself and flows down both 
wires to the liquid, so that 
that part of the circuit presents parallel currents flowing in the same 
direction. Figure 151 is the same apparatus, with the connections so 
made that the current flows down one wire and up the other, and we 
have an example of parallel currents flowing in opposite directions. In 
the former case the wires mutually 
attract one another. In the latter 
there is mutual repulsion. 




Fig. 152. 



Hence, the First Law of Cur- 
rents : Parallel currents in tJie same 
direction attract one another; par- 
oMel currents in opposite directions 
repel one another. 

An interesting illustration of the 
former part of this law can be ar- 
ranged as in Figure 152. A bat- 
tery wire is bent in the form of a 
spiral coil. At a the wire is broken , 
and one end dips just below the surface of mercury in a glass, 
whUe the other end is placed in the same liquid at a little dis- 
tance from the first. When the circuit is closed the current will 
be parallel with itself, and will flow m the same direction in 
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all parts of the coil that are adjacent. The attraction that 
follows will cause the ooil to contract and lift one pole out of 
the mercury and break the circuit. The circuit broken, tbe 
attraction ceases, and the coil ia drawn down again b; the force 
of gravity, and closes tbe circuit again ; and thus constant 
vibrator; motion is produced in the coil. 



Kg. II 




Experiment 2. Prepare apparatus as represented In Figure 163. 
ThroDgh a cork a, 8°" in diameter 
I and 5'" tblck, cat a circular hole 
I about l"" In diameter, and Insert 
I glass teat-tube b, about 6™> 
long, that will Just fit In the hole. 
Takean(No. SO) Insulated copper 
wire about 360™ long, wind tbe 
central portion Into a coll e, I2™> 
long and 16°™ In diameter, with 
turns about 3<™> apart, leaving 
about 12™ at both extremities 
unwound. To tbeae extremities 
solder strips of copper and amal- 
gamated zinc about 3"' long, and 
as wide as the Interior of the test- 
tube will admit, and allow them 
to be separated about S"". In- 
fik. im. Fig. lu. sert them in the tube, 

and cover wltb dilute 
sulphuric acid. lathe 
center of the coll lay 
a No. 16 soft Iron 
wire d, and float the 
whole In a vessel of 
water. The apparatus 
constitutes a small 
floating battery and electro-magnet. Bring one end of a permuient 
magnet, or a short piece of soft Iron wire e, suspended In a paper 
stirrup n, near to one of the poles of tbe core of the electro-magnet, 
and prove by experiment that the coll and Its core behave in every 
respect like a magnet. 

Kxperlment 8. Bemove the iron wire from the floating eleclxo- 
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magnet, and bring B neparste batter; wire oyer and parallel with the 
bellz, as In Figure 164. In tbis posltioD the two currents flow In 
planes at right angles to one another. Immedlatel? the coll tarnB and 
tends to take a position at rigbt angles to the wire above, so that the 
two cnrrents ma; flow in parallel planes and in tbe same direction, as 
in Fignre 1S6. 

Hence, tbe Second Law of Currents : Angular currentfi tend to 
liecome parallel avdjlovi in the same direction. 

Observe that tbe action of the "k- im- 

helix in the laat experiment is 
anal<^ous to the deflection of n 
mimetic needle by an electric 
cnrrent. 

SSxperlment 4. Place opposite 
one end or the floating helix a second 

helix, Figure lfi6, In sncb a manner that the currents in the two helices 
ma; have the same direction. The two poles of the beltces attract 
one another In conformlt; to the First Law of Currents. Reverse the 
poles of the helix In yonr hand so that the cnrreots will flow in oppo- 
site directions, though stltl parallel; the; repel one another. (Why?) 

The two helices appear to be polarized like two magnets, and 
for many purposes may be considered as mt^ets. Observe 
that at one pole of each helix the current revolves in the direc- 
tion that the bauds of a watch move, and at the opposite pole 
it revolves in a direction contrary to the movement of the bands 
of a watch. Bring the north pole of a bar-magnet near that 
pole of the helix where the motion of the current corresponds to 
the ntovement of the hands of a watch. They attract one an- 
other ; but if the same pole of the helix is approached by the 
sdnth pole of the magnet, repulsion follows. Hence, that Is the 
south pole of a helix where the current corresponds to the motion 
of the hands of a watch, (s), and that is the north pole where the 
current is in the reverse direction, ^. But the important les- 
son derived from these latter experiments is, that helices through 
which currents are flowing beJiave toward one another, or toward 
a magnet, in many respects as if they were magnets. 
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§ ISO. Ampere's theory. — The facts which we have Just 
studied led Ampere about sixty years ago to devise a theory which 
furnished a connecting link between magnetiam and electricity. 
It aBBumed that around every molecule of iron, steel, c« otiier 
magnetizable substance, electric currents circulate coutinuously, 
and thus every molecule becomes a magnet. According to the 
theory, in an uumagnetized bar these currents lie iu all possible 
planes, and, having no unity of direction, they neutralize one 
another, and so their effect as a system is zero. But if a current 
of electricity or a magnet is brought near, the effect of the in- 
duction is to turn the currents into parallel planes, and in the 
same direction, in conformity to the Second Law of Currents. 
If the coercive force is strong enough, this parallelism will be 
attained on the removal of the inducing cause, and a permanent 
magnet is the result. 

Intensity of magnetization depends on the d^p%e of parallel- 
ism, and the latter depends on the strength of the influencing 
nu^net. When these currents have become quite parallel, the 
body has received all the magnetism that it is capable of receiv- 
ing, and is said to be saturated. Although the currents really 
j^ jg7_ circulate around the individual 

molecules, yet the resultant of 
these forces is essentially the 
same as if the currents circu- 
lated around the body as a 
I whole. Figure 157 represents 
sections of a cylindrical mag- 
net, and the included circles 
the circulation of the several 
currents around the molecules 
lying in these sections. It will 
be seen that the currents at the 
contiguous sides of any two of these circles move in opposite 
directions, and therefore must neutralize one another ; while the 
currents that pass next the circumference of the minuet are not 
on otn^^ed. 
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t'he typotheticai currents that circulate around a magnetic 
molecule we shall call AmpMan cuiTents, to distinguish them 
from the known current that traverses the helix. In strict accord- 
ance with this theory, the poles of the electro-magnet are deter- 
mined by the direction of the current in the helix. The inductive 
influence of the electric current causes the Amp^rian currents to 
take the same direction with itself, as represented in Figure 158. 

Fig. 158. 




However well adapted this theory may be to explain most of the 
known phenomena of magnetism, it should be bonie in mind 
that physicists of this generation value the theory rather as a 
help to the imagination and memory, than as a true statement 
of the facts. It is nearer the truth to say that the molecules 
are polarized as if currents were circulating around them ; of 
the actual existence of such currents we know nothing. So 
also of the real nature of polarity we know little or nothing. 



EXERCISES AND QUESTIONS. 

1. Regarding your lead-pencil as a rod of iron, and a string as an 
electric wire, tie a knot at the end where the current is supposed to 
ente^ it, and wind the string spirally around your pencil, so as to make 
the point of the pencil a south pole. 

2. What would be the effect of reversing the current? 




8. Take two tin mustard-boxes, and paint arrows around them, also 
on the ends, all turned in the same direction, to represent Ampftrlf^' 
currents, as in Figure 159. Imagine each to be a magnet, deterr 
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which is the north and which is the south pole of each, and mark them 
accordingly with the letters N and S. 

4. (a) Place the two south poles near one another, and ascertain 
why they should repel one another. (6) Do the same with the two 
north poles. 

6. Let a north and a south pole face one another, and show why 
they should attract one another. 

6. Stretch a string in a northerly and southerly direction, and sus- 
pend one of the boxes as a magnetic needle over and parallel with the 
string, with its north pole pointing north ; then Imagine a current to 
enter the string at its southern extremity, and determine Its effects on 
the needle. 

7. Why Is a magnetic needle deflected by an electric current? 

8. Why is the direction of the deflection dependent on the direction 
of the current? 



§ 191. The earth a great magrnet. — Experiment l. Mag- 
netize a cambric needle. Suspend it by a fine thread attached to its 
middle over a magnet, and midway between its poles. The needle, 
however placed, immediately takes a position parallel with the magnet. 
The magnet exerts a directive influence on the needle. Eemove the 
magnet, and the needle takes a northerly and southerly direction. 

If you carry the needle all over your town or State, It will still main- 
tain this direction. Something, like the magnet, exerts a directive 
influence on the magnetic needle. 

Fig. IflO. 




Experiment 2. Place the needle once more In its original position 
over the magnet, and gradually move it A-om the middle towards one 
pole of the magnet ; the needle ceases to be horizontal. At either side 
of the center it dips ; if it is nearer the N-pole of the bar, the S-pole 
dips, and conversely, as shown in Figure 160. If the needle is properly 
supported, the dip Increases till at the poles the Inclination is 90°. 

If a magnetic needle freely suspended is carried to different 
parts of the earth's surface, it will dip as it approaches 
the polar regions, and is only horizontal at or near the earth's 
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equator. A common compass needle must have the S-end 
loaded to keep it horizootal. Like effects are conuaonly at- 
tributed to like causes. These phenom- ^^^ ^, 
ena are just what we should expect 
if (as is very improbable) a huge magnet 
were thrust through the axis of rotation 
of the earth, as represented in Figure 
161, — having its N-pole near the S M 
gec^aphioal pole, and its S-pole near 
the N geographical pole ; or if (as is 
more probable) the earth itself is a 




Elxperiment 3. Magnetize 
inaj be at the extremities of o 
plate of glass. Sift over 

the glass floe iron-filings, "*■ "*■ 

aa Id Exp. 2, p. 28. Gently 
tap the glass a few times, 
30 as to agitate tlie filings. 
Once In motlan, they ar- 
range themselves in lines 
radiaUng troia either pole, 
forming gracefnl cnrves 
from pole to pole, ag rep- 
resented in Figure 162. 
These represent what are 
called lines of magaetic 
force. They represent the 
resultants of the combined 
action of the two poles. 
Now carry the little mag- 
netized cambric needle 
around the disk. It follows 
the lines of magnetic force 
as mapped out by the fll- 
Ings, always assuming a 
position tangent to the magnetic curve, as shown in Figure 162. 

It is evident that the space around a magoet is the seat of a 
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peculiar inflaence ; this spaoe, extending as far as the magner 
exerts any effect, is called the magnetic field. The last experi- 
ment presents a true exhibition, on a small scale, of what the 
earth does on a large one, and thereby presents one of many 
phenomena which lead to the conclusion that the earth is cl 
nuignet. 

i 192. Magnetic poles of the earth. --It will be seen 
that there are two points where the needle points directly to the 
center of the disk. A point was found on the western coast of 
Boothia, b}' Sir James Ross, in the year 1831, where the dipping 
needle lacked only one-sixtieth of a degree of pointing directly 
to the earth's center. The same voyager subsequent!}' reached 
a point in Victoria Land where the opposite pole of the needle 
lacked only 1® 20' of pointing to the earth's center. 

It wiU be seen that, if we call that end of a magnetic needle which 
points north the N-pole, we must call that magnetic pole of the earth 
which is in the northern hemisphere the S-pole,and vice versa. (See 
Fig. 162.) Hence, to avoid confusion, many careful writers abstain 
from the use of the terms north and south poles, and substitute for 
them the terms positive and negative, or marked lind unmarked poles. 

§ 193. Variation of the needle. — Inasmuch as the mag- 
netic poles of the earth do not coincide with the geographical 
poles, it follows that the needle does not in most places point due 
north and south. The angle which the needle makes with the 
geographical meridian is known as the angle of declinaJtion. 
This angle differs at different places. 

Experiment. As Columbus found, we can easily find, the declina- 
tion at any place as follows : Set up two sticks so that a string joining 
them points to the North Star ; the string wUl lie In the geographical 
meridian. Place a long magnetic needle over the string; the angle 
between the needle and the string is the required declination. If great 
accuracy is required, aUowance must be made for the fact that the 
star is not exactly over the pole, but appears to describe daily around 
it a circle whose diameter is about 4°. 
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Let A (Fig. 163) represent a magnetic pole, and B the NorUi 
Star ; it will t>e seen tbat there is a posi- n^, ui 

tion in which the needle will point due I 
aorth. A line passii^ aroimd the eartii I 
tfaroni^ the two magnetic poles, o 
necting those places where the needle I 
points doe north, is called a line of no I 
variation. On the map, Plate II., it is marked 0. Lines east 
and weet of this line, and approximately parallel with it, repre- 
sent lines of equal variation. At places in the United States 
east of this line the needle points west of north, e.g., New 
England ; bnt most of the States lie west of this line, so in them 
the needle points east of north. 

The magnetic poles are not fixed objects that can be located 
like an island or cape, but are constantly changing. They ap- 
pear to swing, somewhat like a pendulum, in an easterly and 
westerly direction, each swing requiring centuries to complete it. 
The north m^netfc pole is now on its westerly swing. The 
chart given in this book was only true at the time of observation 
in 1870. To be true for the present time, each of the lines 
should be moved westward at the rate of about 1° for every 
twelve years. 

§ 194. Katural magnets. — On the assumption that the 
earth is a magnet, it would not be strange if magnetizable sub- 
stances should partake of its magnetic properties by induction. 
An ore of iron called lodestone, composed of a mixture of two 
oxides of this metal, possesses more or less magnetic power. 
Such magnets are termed naturtU magnets, to distinguish them 
from the arttjiciai magnets of steel. 

g 195. Cause of the earth's magnetism. — The cause of 
the earth's magnetism is not known. The theory that it is an 
electro-magnet in virtue of currents flowing around it uear its 
surface, ftom easi to west, explains all the effects that it pro- 
duces on the mi^etio needle. But what sustains these electric 
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cutrentB? There are many things that point to the sun as the 
source of the earth's magnetism. Those who adopt this theory 
generally regard the terrestrial currente as thermo-electric. 

A single Instance must suffice to illustrate the intimate relation that 
certain]]' exists between the sun's condition and the earth's mag- 
netism. In 18S9 two observers remote trom each other saw simul- 
taneously a bright spot break out on the f^c« of the son, whose dnratioo 
was only five minutes. Exactly at this time there was a general dis- 
turbance of magnetic needles, and telegraph wires all over the world 
were traversed with ao-called earth carrentg. Telegraphers received 
shocks, and an apparatus la Norway was set on Hre. These phenomena 
were quickly followed by auroral displays. Sometimes telegraphs are 
worked by earth currents alone, without any battery In the circuit. 

g 196. General remarks on masnetB and masnetiem. 
— Artificial mf^ets, including permanent magnets and electro- 
m^nets, are usually made in the shape either of a straight bar 
or of the letter U| called the horse-shoe, according to the use 
made of them. If we wish, as in the experiments already de- 
scribed, to use but a siikgle pole, it is desirable to have the other 
as far away as possible ; then obviouslj' the bar-magnet is most 
convenient. But if the magnet ia to be used for lifting or hold- 
ing weights, the horse-shoe form is far better, because the 
attraction of both poles is conveniently available, 
and because their combined power is more than 
twice that of a single pole. This is due to the 
reflex influence of the poles on one another through 
the armature. Magnets, when not in use, ought 
always to be protected by armatures (A, Fig. 164) 
of soft iron ; for, notwithstanding the coercive 
power of steel, they slowly part with their magne- 
tism. But when an armature is used, the opposite 
poles of the mt^et and armature being in contact 
with one another, i.e., N with S, they serve to bind 
one another's magnetism. 
Thin bars of steel can be more tiioroughlj- mt^netized than 
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thick ones. Hence, if several thin bars (Fig. 164) are laid side 
by side, with their corresponding poles turned in the same 
direction, and then screwed together, a very powerful magnet 
is the result. This is called a compound magnet. In any mag- 
net the outer layers are far more strongly magnetized than the 
central ones; so a steel tube makes very nearly as strong a 
magnet as a rod of the same diameter, and is much lighter than 
the latter. 

§ 197. Diamagrnetism. — Besides iron and steel, many 
other substances, and possibly all substances, both in the liquid 
and gaseous, as well as in the solid state, are more or less sus- 
ceptible to magnetic influence. Conspicuous among these are 
nickel and cobalt. But this influence is not always of the same 
kind. A small bar of bismuth suspended between the poles of 
a powerftil electro-magnet, instead of being attracted is repelled 
by the poles of the magnet, as shown by its taking a position 
with its longest axis at right angles to a direct line between the 
poles. Substances which behave in this manner are called dia- 
Tnagnetic, and they are said to place themselves equaJtorioMy 
between the poles. Substances that place themselves axiaUy 
between the poles, as iron and nickel, are called paramagnetic^ 
or simply magnetic. 

Paramagnetic liquids placed in a watch-glass between the 
poles become heaped up at the poles and depressed in the cen- 
ter, whHe the opposite phenomena occui* with diamagnetic 
liquids. The magnetic behavior of gases may be learned by 
inflating soap-bubbles with them, and noting the direction of 
their distension. Alcohol, water, nitrc^en, and carbonic acid 
are diamagnetic. Oxygen is paramagnetic. The only sub- 
stances whose magnetic properties can be shown without extra- 
ordinary apparatus are iron and its compounds. 

§ 198. Magnets not Bources of energy . — Perpetual- 
motion seekers are easily led into the error of supposing that in 
the magnet thej' have an inexhaustible supply of energy ; but 
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ft very little study wOl aerre to exhibit the char&cter of tiia 
error. If, for instance, we bring » piece of iron near a magnet, 
it is attracted, and, if allowed to move up to the magnet, this 
force of attraction wilt do a certain amount of work. Take now 
another piece of iron eimilar to the first ; this also will be at- 
tracted, and a certain amount of woA will be performed, but a 
less amount than that done in the first instance. Continue the 
operation until the magnet no longer attracts ; then the magaet 
has done a definite amount of work, and lost the power of doing 
more. To restore it to its original condition, we must remove 
all the pieces of iron ; this will require an expenditure of exter- 
nal work exactly equal to that originally performed by the 
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§199. Introductory ©Xperimenta.— Experiment I. Con- 
nect a helix with a delicate ^vanometer (Fig. 166), aad qnlckl; thrust 
a magnetized steel rod into the coil. A deflection of the needle shows 
that a cnrrent of electricltj at that instant traverses the wire. Bat 
_ ^ the needle, after a few oscllla- 

Ijons, assumes its original posi- 
tion. This shows that the current 
was onl7 momentary. Quickly 
remove the magnet ; again tlie wire 
is traversed by a cnrrent, but this 
time in an opposite direction to 
the flrst, as shown by an opposite 
deflection. Repeat the experiment, 
and notice that when the magnet 
approaches the coil the indnced 
cnrrent runs in the opposite dlrec- 
' tlon to the Ampirlan currents, «s 
represented in Figure IBS. But 
when the magnet is withdrawn, 
the indnced current takes the same direcUon with the AmpSrlaD cn^ 
rents, as in Figure 167. In the former case, tbe repulsion due to 
opposite currents must act as a resistance to the force that brings them 
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e. the attraction due 

Fig. 18T. 



currents 



together. Likewise, in the Utter a 
flowing Id the sa 
direction must resist 
the force that sepa- 
rates them. Hence, 
the energy Mhtnen by 
the eteetrie current has 
been generated at the 
ea^nte of mecAanfcal 
tvxrgy. 

Kxperlment 2> 
Place within the coll 
a core of soft Iron. Wave back and forth, over one extremity of the 
core, one of the poles of a powerful bar-magnet. The needle of the 
galvanometer la rlolentl; agitated, being deflected In one direction at 
each approach, and In the opposite direction at each departure. Now 
repeat the ezperlroenta with the opposite pole of the magnet. The 
eltiect is, as we should expect, U 
all the currents. 



fig. 168. 



g aOO. Maeneto and dTnamo 
machineB. — If the permanent mag- 
net ia stationary, and the electro- 
magnet is moved back and forth, 
the result is the same as when the 
magnet was moved and the electro- 
mi^et was stationary. Machines 
constructed for the purpose of gene- 
rating electricity in this manner are 
called magneto-electric machines. 

Figure 168 will give e, general Idea of 
the construction of the simpler kinds of 
magneto machines. N S is a permanent 
compound horse-shoe magnet. EE are 
coils containing cores of soft iron con- 
nected by tlie hack-armature C C, the 
whole conaljtutlng a sort of an armature 

to the permanent magnet. The brass axle D D is rigidly connected 
with the back-armature C C, so that when the axle is rotated by means 
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of the crank A, both helices are carried around with it. Now, suppose 
the crank to be turned ; during the first quarter of a revolution a sep- 
aration of poles occurs, and currents of electricity are established in 
both helices. The wire that constitutes the helix is wound in opposite 
directions around the two cores, so that the two currents may not flow 
in opposite directions through the wire, and thereby neutralize one an- 
other, but may have a common direction, and thereby produce a current 
of double the electro-motive force that would be produced in a single 
heUx. During the second quarter-revolution the poles approach one an- 
other, and the effect would be to reverse the current ; but the polarity of 
the cores also change as they are now brought under the influence of the 
poles which they are approaching, and this double change leaves the cur- 
rent to flow in the same direction as it did before. At the end of a half 
revolution there is a reversal of current, as the poles do not change at 
this point. The result would be that during every revolution there 
would be a current half of the time in one direction, and half of the 
time in the opposite direction. In order to secure a constant current 
in one direction, a current-reverser I, or commtUatoTy as it is called, at- 
tached to the axle, is so arranged that the current is reversed at the 
end of each half revolution, and is then conducted away by the wires 
GH. 



Each of the two currents produced in a single revolution has 

a maximum point, or point of greatest in- 
tensity, when the cores are nearest the 
poles of the magnet ; and a minimum point, 
or point of least intensity, when they are 
farthest from the poles. Between these 
two points the current is constantly grow- 
ing or diminishing. It is apparent that 
such a machine gives not only an intermit- 
tent current, but one that resembles a suc- 
cession of waves or a stream produced by 
the strokes of a pump, alternately rising 
and sinking. But for most purposes for 
which electricity is employed, it is important that the current 
should be continuous and uniform. Figure 169 will serve to 
illustrate the principle by which this is secured in the widely- 
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known Gramme machine. The armature EW consists of a 
ring of soft iron suiTOunded by an endless coil ot wire. A 
magnet NS is so placed that one-half of the ring is under the 
influence of the N-pole and the other under that of the S-pole. 
Now, suppose the ring to rotate in the direction indicated by 
the arrow ; then every point of the iron core, as it comes 
opposite a given pole of the magnet, will successively become 
a pole of opposite name. The advance of this induced pole 
will induce currents in the wire tending in the upper half up- 
ward from E toward W, and in the lower half downward from 
E toward W, as indicated by arrow-heads. Now, if the ends 
of an external wire HH constantly touch the equatorial points 
W and E, a current will evidently pass constantly through this 
wire and the galvanometer G, from W to E. A commutator is 
required in all machines of this class. 

In large machines, electro-magnets, excited by the main cur- 
rent itself, are used instead of permanent magnets, and thereby 
greater inductive power and compactness are secured. Such a 
machine is called a dynamO'electrical machine^ or often more 
briefly a dynamo. The hand, or the steam engine, supplies 
the energy to revolve the ring, and the product is electric 
energy. The greater the mechanical power employed, in 
ois other words, the more rapid the revolutions, the greater the 

0: electro-motive force. The electro-motive force also varies 

'^ with the number of turns of wire in the coil used, and 

with the strength of the inducing magnets. The helix around 
the ring-shaped core may be made up of many turns of wire, if 
a high electro-motive force is desired to overcome great external 
resistances ; or of fewer turns of larger wire, if a small internal 
resistance is wanted, as for electro-plating. Ohm's law applies 
here just as in the operation of a gah'anic battery. In both 
cases the strength of the current is equal to the electro-motive 
force divided by the resistance of the circuit through which it 
acts. 

When a very intense current is needed, an engine of eight or 
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t«o borae-power is frequently required. It is evident that the 
inteosity of the electric current, i.e.. the quantitr of electricity 
set in motion, coming from a m^;neto mM^une c&pable of ab- 
sorbing such a large amoant of wwk, must be enormous as com- 
pared with a galvanic batter; of any moderate size. Indeed, the 
former has almost completely displaced the latter for many in- 
dostrial purposes, particularly for illumination aod chemical aad 
roetallargical operations ; and it seema probable that it will soon, 
as it has already done in some measure, supersede the battery 
for telegraphiDg purposes. And, generally, as a ready, Heady, 
deaniy, convenient, powerfid, and (disregarding the first cost) 
cheap soDTce of electricity, the magneto or dynamo machine m 
it« improved forms is far superior to any galvanic battery. 

i 20L Cnrrent indnotion. — If , in the ori^nal experiment 
in magneto-electaric induction (p. 226), a helix connected with a 
battery is substituted for the permanent magnet, precisely the 
sune results are obtained aa with the mt^net. Indeed, we ought 
to expect the same results. (Why?) The wire A, Figure 170, 



through which the battery curreut circulates, is known in this 
case as the primary wire, and the battery current, the primary 
or inducing current. The wire B, through which the induced 

i.. nijculate, is called the secondary wire, and the currants 

e this wire ara frequently called secondary eurrenta. 
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It will be observed that in all these experiments we have a 
relative motion between a conductor and an inducing body 
(magnet or current-bearing conductor) ; also, that electricity 
flows only during the continuance of the relative motion. Deli- 
cate measurements have proved that the total quantity of 
induced electricity transmitted in the conductor depends on 
the total quantit}' of change in relative motion, and not at all 
on the time occupied in this change. Hence, it is evident, that 
the more rapid the change, the more intense must be the momen- 
tary current; i.e., the greater mudt be the quantity of electri- 
city flowing at the moment. Combining this statement with 
Ohm's law, remembering that the resistance of the secondary 
circuit is constant, we derive the following very important law : 
In any induced current^ the E,M.F. at any instant is propor- 
tional to the rapidity of the relative change at that instant. 

If, instead of bobbing the primary helix in and out of the secondary 
helix, the former is allowed to remain stationary within the latter, it is 
found that making and breaking (Fig. 170) the primary current, i.e., 
starting and stopping a primary current, induces currents in the secon- 
dary wire. Indeed this process is evidently much the same thing (and 
in theory exactly the same thing), as moving the primary conductor, 
with unbroken circuit, from an infinite distance where its action 
would be zero, into the secondary circuit, the whole change occupying 
a very brief time. A reversal of the process would evidently corre- 
spond to breaking the primary circuit. The results obtained in Exp. 1. 
§ 197, enable us at once to predict the direction of an induced current, 
and we may formulate the two cases thus : — 

(a) When the primary current is approached, or a current originated in 
the primary circtiit, the induced current has an opposite direction to that 
of the primary, 

(b) At a departure from the primary current, or w?ien a current in a 
primary drcttit is stopped, the induced current has the same direction as 
the primary. 

§ 202. Extra current. — The conclusions of the preceding 
section admit of an important extension. We learned that any 
electric or magnetic disturbance in the neighborhood of a con' 
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ductor gives rise to a current. But it is evident that in a single 
wire ever}^ portion must be considered ^s a neighboring conduc- 
tor with respect to every other portion ; consequently there can 
be no change of electrical condition in a wire without accom* 
panying induction phenomena. If we suddenly close a circuit 
the current does not abruptly assume its final intensity, because 
there is a current induced in the same circuit whose direction is 
such as to retard the change from zero. So, too, if a closed 
circuit be suddenly broken, there is a current induced in the 
direction of the primary' current which retards the change to 
zero. These induced currents are often, for the sake of dis- 
tinction, called extra currents. Of course, if all parts of the con- 
ductor are kept close together by winding the wire into a helix 
or a spiral, the effect is much increased. It is evident that the 
direct extra current must produce a much greater effect than 
the indirect, because the former is added to the primary, while 
the latter is subtracted. This is the cause of the bright spark 
on breaking a strong current, and also of physiological effects 
or shocks experienced on breaking the primary circuit in the 
experiment illustrated by Figure 170. If a soft iron core is 
introduced into a helix, the extra currents are vastly increased 
by the action of the magnetic changes. (Why?) 

§ 203. Induction coils. — If a core of iron, or, still better, 
a bundle of wires (A A, Fig. 171), is inserted in the primary 
coil, it is evident that it will be magnetized and demagnetized 
every time the primary is made and broken. The starting and 
cessation of Amp^rian currents in the core in the same direction 
as the primary current, and simultaneous with the commence- 
ment and ending of the primary current, greatly intensifies the 
secondary' current. To save the trouble of making and break- 
ing by hand, as in Figure 171, the core is also utilized in the 
construction of an automatic make-and-break piece. A soft 
iron hammer b is connected with the steel spring c, which is in 
turn connected with one of the terminals of the primary wire. 



rtjhmkorff's coil. 
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The hammer presses against the point of a screw d^ and thus, 
through the screw, closes the circuit. But when a current 
passes through the primary wire, the core becomes magnetized, 
draws the hammer away from the screw, and breaks the circuit. 



Fig. 171. 




The circuit broken, the core loses its magnetism, and the hammer 
springs back and closes the circuit again. Thus the spring and 
hammer vibrate, and open and close the primary circuit with 
great rapidity. An instrument made on these principles is 
called an induction coU. 



§ 204; BuhmkorfrB coil. ~ This instrument has the impor- 
tant addition, to the parts already explained, of a cfnidenser BB. 
This consists of two sets of layers of tinfoil separated by paraf- 
fine paper ; the layers are connected alternately with one and 
the other pole of the battery, as the figure shows, so that they 
serve as a sort of expansion of the primary wire. When the 
circuit is broken, the extra current would jump across at &, and 
would vaporize the points of contact, and form a bridge with the 
vapor of metal that would prolong the time of breaking. But, 
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when the condenser Is attached, the extra current finds an 
escape into it easier than to jnmp across at by so the vaporizing 
of the contact is avoided, and the time of breaking being much 
shortened, the secondary is much more intense. 

The primar}** helices of induction coils consist of comparatively 
few turns of coarse insulated wire ; but the secondary helices 
contain many turns of very fine wire, insulated with great care. 
The secondary current is, at breaking, as we ought to expect 
from the extreme rapidity with which the primary circuit is 
broken, distinguished from the primary, or galvanic current, by 
its vastlj' greater tension, or power to overcome resistances. 
A coil constructed for Mr. Spottiswoode of London has two 
hundred and eighty miles of wire in its secondary coil. With 
five Grove cells this coil gives a secondary spark forty-two inches 
long, and perforates glass three inches thick. Many brilliant 
experiments may be performed with these coils which will be 
indicated in connection with frictioual machines. 



XXXIII. THERMO-ELECTRICITY. 

§ 205. So far in our experiments we have obtained a current 
of electricity by using the potential enei^y due to the chemical 
affinity of zinc and sulphuric acid, or by expending mechanical 
enei^ ; can we not also get a current directly from the molec- 
ular energy that we know as heat? 

Experiment. Insert in one screw cup of a sensitive galvanometer 
an iron wire, and in the other cup a copper, or, better, a German silver 
wire. Twist the other ends of the wire together, and heat them at 
their junction in a flame ; a deflection of the needle shows that a cur- 
rent of electricity is traversing the wire. Place a piece of ice at their 
junction. A deflection in the opposite direction shows that a current 
now traverses the wire in the opposite direction. 

These currents are named, from their origin, thermo-electric. 
The apparatus required for the generation of these currents is 
very simple, consisting merely of bars of two different metals 
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Jotued at one extremity, and some means of raising or iowering 
tlieir temperatare at their junction, or of raising the temperature 
at one extremitj' of the pair and lowering it at the other ; for the 
electro-motive force, and coneeqaently the strength of the cnr- 
rent, is nearly proportional to the difference in temperatore of 
the two extreraitiea of the pair. The strength of the current is 
also dependent, as in the voltaic pair, on the thermo-electro- 
motive force of the metals employed. The following thei-mo' 
electric series is so arranged that if the temperatures of both 
junctions are near the ordinary temperatures of the air, those 
metals farthest removed trota each other give the strongest cur- 
rent when combined ; and the current passes, when heated at 
their junction, from the one first named to that succeeding it. 
The arrows indicate the direction of the current at the heated 
and cold ends respectively. At high temperatures the current 
may be reversed. 



|- 



S 206L Thermo -electric batteries and thermo-pilo. -~ 
The electro-motive force of the thermo-electric pair is very 
small in comparison with that of the voltaic pair; Fig.m. 
hence the greater necessity of combining a lai^e u^y 
number of pairs with one another in series. This 
is done on the same principle, aad in the same 
manner, that voltaic pairs are united, viz. , by join- 
ing the +metal of one pur to the —metal of an- 
otlier. Figure 172 represents such an arrange- 
ment. The light bars are bismuth, and the dark 
ones antimony. If the source of heat is strong 
and near, by either conduction or convection one face may be 







* 
















1 


1 




1 


1 


i 


1 


s 


1 


1 



286 ELECTRICITY AND MAGNETISM. 

heated much hotter than the other, and a current equal to that 
from an ordinar}' galvanic cell is often obtained. Instruments 
constructed on these principles, and used as a source of elec- 
tricity, are very convenient and efficient for many purposes, 
especiall}^ when a steady current is required with small external 
resistance ; they are called thermo-electric batteries. 

If the source of heat is feeble or distant, the feeble current 
may serve to measure the difference of temperature between the 
ends of the bars turned toward the heat (as in Figure 172) 
and the other ends, which are at the temperature of the air. 
The apparatus, when used for this purpose, is called a thermo- 
pile^ or a thermo-miUtiplier. A combination of as many as 
thirty-six pairs of antimony and bismuth bars, connected with 
a very sensitive galvanometer, constitutes an exceedingly deli- 
cate thermoacope and thermometer. Quantities of heat, that 
would not perceptibly expand the mercury in an ordinary ther- 
mometer, can, by the use of a thermo-electric pile, be made to 
produce large deflections of the galvanometer needle. Heat 
radiated from the body of an insect several inches from the pile 
may cause a sensible deflection. 



MECHANICAL ENERGY. 



SSXIV. FRICTIONAL ELECTRICITY. 

S 207. Meohanioal energy transfonned into eleotrifi- 
oation. ^ K!zperlii>«»t- Prepare an insulated stool (see § 314) hy 
placing a square board on four dry and clean glass tumblers, used ax 
legs. Let a person whom we will call John stand on this stool, anil 
let a second person, 

James, strike John a Fife. IT3. 

few times with a cat's 
fur. Then let James 
bring a knuckle of a 
linger near to some part 
of John's person, for 
instance a knuckle of 
his hand, or his chin or 
nose; an electric spark 
will pass between the 
two, and both will expe- 
rience a slight shock. 
The length of the spark 
shows that the electri- 
city is urged b; a high 
E.M.F.. like the Induced 
corrents of the magneto-machine and induction cull. 

As mechanical energy is traosformed into a kind of molecular 
motion, or internal enei^y, called heat, when one hammers an 
anvil, so in this case a portion of the motion of the fur at each 
stroke is transformed into another phase of internal energy known 
as electrification. £lectricity made apparent in this manner is 
CbWsA frictional electricity, because the electrification p,g, 1-4, 
is developed by friction between two surfaces. 

§ 206. Bleotrosoope. — Bzperiment. Suspend In 
a loop, tied In a white silk ttiread, a strip of gold foil 30™ ' 
long and 15"™ wide, so that the two vertical portions may j 
be near each other. After John lias been struck a 
times with the fur, let him bring a finger graduallf near the upper ex- 
tremity of the foil; the two portions of the foil gradually diverge. 
as la Flgnre 174, indicating the presence of on unusual force In his body. 
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We have already found that this force is due to electricit3^ 
Bodies in this state are said to be charged with electricity, or 
simply electrified. Such electrification in a person is often 
manifested by a divergence of hair on his head. An}' ar- 
rangement, like that of the foil just described, intended to 
detect the presence of electrification, is called an electroscope. 
One of the most common and useful electroscopes consists 
of one or two pith-balls, made from the pith of elder or 
sunflower, suspended by silk thread. If an electroscope is 
brought near to either pole of a secondary wire of an induction 
coil, a similar electrification is manifested by the poles. Like- 
wise, by means of very delicate electroscopes, the poles of a 
galvanic battery, or of a thermo-battery, are found to be feebly 
electrified. 

§ 209. Attractions and repulsions. —Experiment 1. Poise 
a flat wooden ruler on an inverted bottle or flask, having a round bot- 
tom, as in Figure 175. Draw a rubber comb two or three times through 
™ J- your hair, or rub it with a woolen cloth, 

and place it near one end of the ruler ; 
instantly the ruler moves toward the 
comb. 

Experiment 2. Hold the comb over 
a handful of bits of tissue paper ; the 
papers quickly jump to the comb, stick 
to it for an instant, and then leap ener- 
getically from the comb. The papers 
are first attracted to the comb, but in 
a short time acquire some of its electri- 
fication, and then are repelled. 

§ 210. Two states of electri- 
city. — It is quite apparent that we are now dealing with a very 
different class of electrical phenomena from any that we have 
previously observed. It is also quite as obvious that we are 
dealing with electricity in a very diflferent state or condition 
from that in which we have before studied it. Hitherto we 
have studied only those phenomena produced by electricity 
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when in motion ; and, inasmuch as when in that state its energy 
is expended in work, or transformed into some other form of 
energy as rapidly as it is generated, there was no such thing 
as an accumulation of electricity. In our late experiments 
there is wanting anj'thing like a current ; but, on the other hand, 
we find that electricity in this new state may accumulate, be 
stored up, and remain in a quiescent state for an indefinite 
time. In the latter state it is incapable of affecting a magnetic 
needle, magnetizing, generating heat, illuminating, producing 
decomposition, or giving shocks. But in this state of appar- 
ent repose it may*attract and afterwards i:epel light bodies in 
the vicinity of the body in which it resides. These attrac- 
tions and repulsions are quite distinct from the attractions and 
repulsions which occur between parallel currents. 

This state of electricity is called static, in distinction from the 
current state, which is often called dynamic. We have seen 
that, under certain conditions, electricity may change from one 
state to the other, as when the electricity which had accumu- 
lated in the boy on the insulated stool passed to the other boy, 
producing, in its current 
state, both illuminating and 
physiological effects ; and 
again, when a current is 
broken, the current ceases, 
but electricity accumulates 
inthewire(see§208). We 
have also learned that elec- 
tricity of high potential, 
such as is most readily de- 
veloped by friction, exhib- 
its the static phenomena, i.e., attractions and repulsions, most 
strikingly; but we must be carefhl to avoid the notion that 
these are peculiar to electricity so derived. 

§ 211. Two kinds of electrification. —Experiment l. Bend 
a smaU glass tube into the form represented by A, Figure 176, and insert 



Fig. 176. 
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Fig. 177. 




Fig. 178. 



one end in a block of wood B for a base ; and suspend from the tube a 
pith-ball C by a silk thread. Rub a glass rod D with a silk handker- 
chief, and present it to the ball ; attraction at first occurs, followed by 
repulsion after contact. Now rub a stick of sealing-wax, or a hard- 
rubber ruler, with flannel, and present it to the ball, which is in a con- 
dition such that it is repelled by the electrified glass ; it is attracted by 
the electrified sealing-wax. We are led to suspect that the sealing- 
wax possesses a difiierent kind of electri- 
fication from that of the glass. Let us 
ftirther test the matter. 

Experiment 2. Suspend two glass 

rods that have each been rubbed with 

silk in two wire stirrups (Fig. 177), and 

present them to each other; they repel 

one another. Suspend two sticks of 

sealing-wax that have been rubbed with 

flannel in the same manner; the same 

result follows. Now, in a like manner, present one of the glass rods 

and one of the sticks of sealing-wax to each other ; they attract one 

another. 

Experiment 3. Make a pin 
hole in each end of a hen's egg, 
and blow its liquid contents out. 
Apply, with flour paste, tinfoil 
smoothly to the surface of the 
shell, and completely cover it. 
With a drop of melted sealing-wax 
attach one end of a silk thread 
midway between the ends of the 
shell, so that it may be suspended, 
as in Figure 178. Repeat the last 
two experiments with the shell' as 
with the pith-ball ; you obtain simi- 
lar results. 

It is evident (1) that there 
are two kinds or conditions of 
electrification; or, for conven- 
ience, we sometimes say two kinds of electricity; (2) that they 
are so related to each other that like kinds repel and unlike kinds 
attract one another. The two kinds are usually distinguished 
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from one another by the names positive and negative^ or, more 
briefly, as +e and — e. The former is, by definition, such as 
is developed on glass when rubbed with silk, and the latter is 
the kind developed on sealing-wax when rubbed with flannel. 
There is no reason, except custom, for calling the one positive 
rather than the other. 

Experiment 4. Once more electrify a stick of sealing-wax with a 
flannel, and present it to the ball or shell, and after the ball is repelled, 
bring the snrf ace of the flannel which had electrified the rod near the 
ball ; the ball is attracted by it, showiog that the rubber is also electri- 
fied and with the opposite kind to that which the sealing-wax pos- 
sesses. (Which kind. of electrification has the flannel?) 

Fig. 179. 




One kind of electrification is never developed alone ; when two 
substances are rubbed together, both always become oppositely 
electrified, and to an equal amount. In general, whenever any 
electricity of either sign is developed^ an equal quantity of the 
other is to be found. (Ascertain the kind of electrification de- 
veloped on a rubber comb when it is passed through the hair ; 
also the kind developed on a person when whipped with fur, by 
presenting the bodies whose electrification is to be tested to a 
body having a known electrification.) 

§ y^ Induction. — Experiment. Suspend two egg-shells, pre- 
pared as above, so as to touch one another, end to end, as in Figure 179- 
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Bring near to one end of the shells, but not to toucli, a sealing-wax rod 
excited with flannel, and therefore having —e. While the rod is in this 
position, carry a thin strip of tissue paper, or a pith-ball suspended by 
a silk thread, along the eggs. The paper is attracted most strongly at 
the ends ; but in the middle, where the shells are in contact, there is 
very little electrification. Separate B from A about !()«", while the rod 
D is still in position. Then place D midway between A and B ; the rod 
repels B and attracts A. It appears that when the two shells touched 
one another, thereby constituting practically one body, that the shells 
were oppositely electrified, as represented by the signs + and — in the 
diagram ; and when the two bodies were separated, they retained their 
opposite charges. 

We learn from this experiment that by induction we may 
charge at the same time two bodies, one with +e, and the other 
with — «. 

§ 213. Discharge. — Bxperiment. Bring the two shells oppo- 
sitely charged near one another; when near enough they exhibit 
mutual attraction for one another. On bringing them still nearer, a 
spark passes between them, their mutual attraction suddenly ceases, 
and on testing them with an electroscope, it is found that both have 
lost their electrification, i.e., both have become discharged. 

When two bodies containing equal amounts of opposite electri- 
cities are brought together^ both become discharged. During 
the process of discbarge, the electricity which was previousl}^ in 
a condition of rest, or a static state, assumes a condition of 
motion, or a dynamic state, as is shown by a spark passing 
between the two bodies when brought near one another. One 
of the bodies — that positively charged — is at a potential higher 
than that of the earth, the other being lower. When they are 
brought sufficiently near, the tendency for the electricity to pass 
from the region of higher potential becomes strong enough to 
penetrate the insulating air and establish a condition of equili- 
brium. In this particular case the result is zero potential or 
no electrification ; but in general both bodies would be left at a 
like condition of electrification, its sign depending upon the 
sign of that electricity which was in excess. 

We may now understand how it is that an electrified body 
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attracts to itself light bodies in its vicinity. For example, a 
stick of sealing-wax, excited with — e, brought near a pith ball, 
induces +e next itself, and repels —e to its faiiihest side ; then, 
of course, attraction follows. There is the same attraction be- 
tween heavy bodies, but usually not sufficient to produce motion. 

§ 214. Insulation, — Experiment. Bring again the electrified seal- 
ing-wax near one end of one of the shells ; the shell becomes polarized, 
that is, the opposite ends become oppositely electrified. Touch the shell 
with the finger. Through your body the negative charge is driven to 
the earth, while the positive charge remains in proximity to the rod. 
(Explain.) Remove the finger, and afterwards remove the rod; test 
the shell, and you will find that it is charged with electricity. (Is it 
—6 or +6?) Touch this shell with the other shell, then separate them. 
Test them, and you find that they have the same kind of electrification. 
It is evident that the first shell became electrified by indttction and the 
last shell by conduction. Touch with the finger one of the shells ; it 
loses its electrification. 

When you touch the shell with 3'our finger, the electric chai'ge 
diffuses itself through your body and the earth. It is evident 
that the electricity could not traverse the silk thread, otherwise 
we could not have charged the shell. Substances which do not 
allow electricity to pass readily through them are called ncm- 
conductors or insvlabors. A body that is to receive a permanent 
charge of electricity must be insulated, i.e., have no connection 
with the earth through a conducting substance. Some of the 
best insulating substances are dry air, ebonite, shellac, resins, 
glass (free from lead, e.g., common bottle glass), silks, and 
furs. In experiments with electricity in the statical state, the 
E. M. F. is in general so much greater than when a galvanic 
batter}' is the source of electricity, that substances — such as dry 
wood, for instance — which are practically good insulators in the 
latter case are not so regarded in the former. Moisture injures 
the insulation of bodies ; hence experiments succeed best on 
dry, cold days of winter, when moisture of the air is least liable 
to be condensed on the surfaces of apparatus, especially if it is 
kept warm. 
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§ 215. Blootrifloation oonflned to the external surface. 
— Experiment 1. Place a tin fruit-can on a clean, dry glass tumbler 
(Fig. 180). Fasten a circular disk a of tin 15"»™ in diameter to one end 
of a rod of sealiug-wax. Charge the can heavily with electricity fironi 
an electrical machine (see p. 245). Through an orifice c in the can 
introduce the disk, and touch the interior surface of the 
can. Withdraw the disk, and present it to an electroscope. 
It shows no electrification. Now touch the exterior sur- 
face of the can with the disk, and present it to the electro- 
scope ; it is found to be electrified. 

Experiment 2. Attach to the can a gold foil, or double 
pith-ball electroscope, and put into the can a few feet of 
metal chain. Fasten the outer end to a rod of glass, or 
some other insulator, and charge the can till the leaves of the electro- 
scope diverge widely. Then draw up the chain by the glass rod ; the 
leaves come together somewhat. Drop the chain into the can; the 
leaves separate again, showing that the charge had not been lost. 

These experiments show (1) that no electricity can be found 
inside of a hollow-charged body ; or, roughly stated, electricity 
at rest resides on the exterior surfaces of bodies; (2) that 
when the exterior surface of an electHJied body is increased with- 
out increasing its mass or the charge^ the amount of electricity at 
any point is diminished. 

§ 216. Electrical potential. — We have seen that the 
passage of electricity from point to point sometimes causes a 
spark ; so, conversely, the spark indicates the passage of elec- 
tricity. The passage of a current from one shell to the other 
(Fig. 179) might be proved, and its direction determined, by 
connecting the shells by wires joined to a suitable galvanome- 
ter. The current would flow from A charged with -|-6, to B 
charged with — e, thus showing that A had a higher potential 
than B. A body charged with -|-e is understood to be one that 
has a higher potential than that of the earth, and a body 
charged with — e is one that has a lower potential than that 
of the earth, the potential of the earth being regarded for con- 
venience as zero. 
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With A Tery BensidTe electrosc»pe it can be Bhown that the 
wires ooimected with the plates of a galvanic battery are at 
difi^nt potentials when the circuit ia broken. But the diflbr- 
ence of potential is bo small, compared with the difference pro- 
duced by friction, that a thousand gravity cells in series give 
a spark only about ^^ of an inch long. 

XXXV. BLECTBIOAl, MACHINB8. — COHDENSERB, ETC. 

§ 217. If, then, for any purpose we wish electricity of high 
potential, we must nse an enonnons number of cells, an induc- 
tion coO, or, more cheaply and conveniently, an electrical 
machine depending either on friction or on the induction of a 
ohai^e of electricity. Brief descriptions of a few machineB will 
now be given, followed by a series of experimentB that may be 
performed witii them. 



S 218. Plate machine. — It consists of a positive or prime 
condactor A, a negattye conductor B, a glass plate C, a rubber D, 
made of two cushions or leather covered with an amalgam, four Insu- 
lating supports E, F, G, and H, a silk Insulating bag I, and a brass 
chain K, used to connect either condnctor with the earth. An exten- 
sion of the prime condactor L consists or two combs, one on either 
aide of the plate ; tbeir pointed teeth are turned toward the plat«. M Is 
a plti>4>a0 electroscope. 
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When the plate is turned in the direction indicated by the 
arrow, it passes between tiie nibbere, and the friction generates 
+e on liie plate and — e on the rubber. The electrified portion 
of the plate then passing through the silk bag comes opposite 
the comb, when it polarizes the prime conductor, attracting — e 
and repelling +e. But the —e escapes from the points of the 
comb (see § 226) to the plate and nentralizes the +e of the plate, 
and thereby leaves the conductor charged wiUi +e. If both con- 
ductors are insulated at the same lime, the mutual attraction of 
the two kinds of electricity would prevent their becoming heavily 
charged, so one of the con- 
ductors is always connected to 
earth by a chain. If -|-e i» 
wanted, A is insulated ; if — e 
is wanted, B is inenlat«d. 

S 219. HleotrophoniB. — 
Experiment. On a circular dish 
of sheet-Iron or tin 2G™> iu diame- 
ter c«ment a circular dlak of vul- 
canite 22™ In diameter. To the 
*^- ^^- center of another clrcn- 

lar disk of tin 16™ In 
t diameter (Fig. 1B2) ap- 
ply with heat one end of 
a HUck of sealiag-w&x 
for a handle. Strike the 
BurRice of the vulcanite 
a few times with a cat's 
fnr or a fox-tall ; , it wiU 
become electrified with 
— «. Then place the Un 
lUsk on the vulcanite; 
—t of the vulcanite will 
polarize the disk, ludnc- 
log -l-e on its lower snr- 
fbceand —e on Its upper surf ace. Now place afinger onthedlek. The 
— « will escape through your body to the earth, but the -f e will remain 
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on the disk, bound by the — « of the yalcanite. Finally, raise the disk 
by its insulating handle. Bemoved from the influence of the — e on the 
.vulcanite, the +6 of the disk is now free, and if a knuckle of one of 
your hands (Fig. 183) is brought near it, a bright spark will pass from 
it to your hand, and it will become discharged. 

The disk may be charged and discharged in the same manner a great 
number of times without again whipping the vulcanite with the Air. 
A Leydcn Jar (page 250) may be charged with this apparatus in a few 
minutes. (Is the disk charged by conduction or induction? What are 
the proofs?) 

§ 220. Continuous electrophorus. — Yarious methods 
have been adopted for deyeloping electricity continuously from 
the electrophorus, and more Fig.i84. 

rapidly and with less manipu- 
lation than can be done with 
the apparatus above described. 
Figure 184, fh>m which the 
supporting parts are omitted 
for the sake of simplicity, will 
serve to illustrate the general 
principle of such machines. 

A is a vulcanite or glass 
wheel, which can be rotated by means of a system of wheels 
C C. About 2^ back of A is a vulcanite sector D, which serves 
as an inducer, or the same purpose as the vulcanite disk of the 
electrophonis. Opposite D and in front of A is a metallic comb 
B, which is connected with the conductor N. Let — e be ex- 
cited on D with a cat-skin. Then the conducting system NB 
will be polarized by its influence; —e will be driven to its 
farthest extremity N, and +e drawn to the points of the comb 
B. Then, since electricity escapes readily from points, the 
+e will leap from B to A, drawn off from the points by the 
—6 of D. But vulcanite being a non-conductor, only that 
portion of the surface of A will be charged with +e that is 
directly opposite the comb B. The conductor BN, being de- 
prived of its +e, is left charged with free — e. Now, rotate the 
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disk A. When it has accomplished half a revolution, that por- 
tion of it which is chained with -t-^ comes opposite another 
comb B', which ia also coDiiected with a conductor P. The con- 
ductor B'F becomes polarized. Its — e passes off from the 
points of B' to the disk A, and discharges the +e on this disk, 
while the conductor PB' is left chained with free +e. It ie 
evident that a constant rotation of A would cause it to be con- 
stantly chained with -\-e at its lower part by the influence of the 
sector D, and constantly discharged at its upper part, while the 
conductor £ N is constantly receiving a chaige of — e in oonse- 
queoce of the loss of its +e ; and for a similar reason the con- 
ductor B'P is coD- 
*^*'^*°' stantly receiving a 

charge of +e. With 
a rapid rotation of 
the disk the two con- 
ductors will be so 
rapidly and highly 



with— e and the other 
with +e, that under 
the influence of their 
mutual attraction al- 
most an incessant flow 
of sparks will pass 
between them, even 
when the extremities, 
F and N, are several 
inches apart. 

§ 22L Carre ma- 
ohine. — The sector D is liable to lose its charge suddenly, 
and loses it very quickly after the operation of the machine 
ceases ; so that, to begin ^ain, it is necessary to rechai^ the 
sector. lu the Carrd machine this difficulty is avoided. 
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A circular plate of glass A, which serves as the inducer, passes 
between two leather cushions B, as it is rotated by means of the crank 
C ; and thas by friction, occasioned by rubbing against the cushions, the 
plate is kept constantly and highly electrified during the operation of 
the machine. By means of a system of pulleys, motion is communi- 
cated from the shaft of the plate A to the shaft of an ebonite disk D. 
The glass plate A becomes electrified with +e. The method by which the 
plate D and the conductors F and E become charged is like that of the 
machine last described. (Explain.) The cylinder E, called the prime 
conductor, has a large area, and is therefore capable of receiving a 
large charge. The conductor F is so jointed at N that it may be brought 
near or carried away fi'om E. ^ During operation the conductor F should 
be connected by a chain, or other good conductor, with the earth. 
When in operation, if F is brought within two or three inches of E, 
sparks will pass between them so rapidly as to present the appearance 
of a constant and continuous line of light. If F is removed to quite a 
distance from E, the charge will so accumulate in E that sparks five 
or six inches in length may be drawn from it with the fist. If a 
Leyden Jar (§ 223) is suspended by its knob from the loop G, and its 
outside coating connected with F, the discharge will become so intense 
as to produce a report nearly as loud as that of a pistol. 

§ 222. Condenser. — A very Important adjunct to an elec- 
trical machine is a condenser of some kind, by means of which 
a large quantity can be collected on a small surface. 

Experiment. Let a person stand on an insulated stool (p. 287), and 
place one hand on the prime conductor of a machine. Let the other 
open hand press against a plate of glass or disk of vulcanite, held on the 
open hand of a second person standing on the floor. After a few turns 
of the machine, let the hand that has been on the prime conductor 
grasp the free hand of the second person. Quite a shock will be felt 
by both. Or the connection may be made through a group o€ persons 
having hold of one another's hands, when the whole company may 
receive a shock. 

It is evident that by this process an unusual quantity of elec- 
tricity had collected previous to the discharge. The explanation 
is simple. The hand of the first person, charged with +6, acts 
by induction through the glass upon the second person, attract- 
ing — € to the surface of the glass with which his hand is ir 
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contact, and repelling +^ to the earth. Thus, tiirongh their 
mutaal attraction, the two kinds of electricity become, as it 
were, heaped up opposite each other, and yet are prevented, by 
the insulating glass, from uniting. 

§ 223. Leyden Jar. — The most convenient form of con- 
vig 186. denser is the Leyden jar. Coat a green glass quart 
fruit-jar (Fig. 186), within and without, for about 
two-thirds its hight, with tin foil, using flour paste. 
Close the mouth with a cork saturated with hot 
paraffine. Through the cork pass a stout brass wire 
tiU it touches the inner foil. Cast a lead bullet a on 
the exposed end of the wire. Clean, warm, and var- 
nish the exposed glass surface of the jar, and when thoroughly 
dry it is ready for use. 

The jar may be charged by connecting one of its coatings 

with the + conductor, and the other with the —conductor of an 

electrical machine, or by connecting one of the coatings with 

Fig. 187. one of the conductors, and the other with 

the earth. Or it may be charged by con- 
necting the outside coating with one of the 
poles of the secondary coil of an induction 
coil, and bringing the other pole near to the 
ball leading from the inner coating. To 
discharge the jar, connect the outer coating 
with the knob of the jar. To avoid a shock in so doing, prepare 
a discharger as follows : Through the cork of a bottle (6.^., a 
soda-water bottle, Figure 187) pass a stout brass semicircular 
wire. Cast on each of its ends a lead bullet. Use the bottle 
as an insulating handle. 

The effects are greater in proportion to the number and size 
of the jars in electrical connection. Let any number of jars 
(Fig. 188) be placed on a sheet of tin foil, by which their 
outer coatings are connected. Connect also their inner coat- 
ings with one another by a wire running around their projecting 
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rods. The several jars are by tiiis means practically converted 
into one large jar. This combination of jars is called a Leyden 
battery. A strip of gold leaf placed on the glass slip a may 
be fused, and even volatilized, by a battery dischai^e passed 
through it; cards and alipa of glass may be perforated, and 
gas or ether ignited. 

§ 224. lEUectrioity not in tbe ooatines.— If the two per- 
Bons in the experiment (p. 249) both remove their hands from 
the glass plate, aft«r they have been charged, and graep one 
another's hands, they experience little or no shock. But if they 

Fig.l»S. 



replace their hands on the gloss, and grasp one another's hands, 
they receive a shock. This shows that electricity was not on 
their bodies, but on Qie surface of the glass. The coatings of a 
Leyden jar serve the purpose of condnctors to spread electricity 
on the glass at the time of ch&i^ng, and to allow its escape 
from all parts of its electrified surface at the time of adischarge. 

QUESTIONS. 

1. An Insolated Jar cannot receive a great charge. Why? 
S. If points ore attached to the oat«r coating of an lusnlated Jar, it 
can receive a much loiter charge. Whjr? 
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8. If the knob of a second jar be held near the outer coating of an 
insulated jar, sparks will pass from the coating to the knob, and both 
Jars will be charged. Suppose that the inner coating of the first jar is 
charged with +e, what kind of electricity will each of the other coat- 
ings have? 

§ 225. Attraotions and repulsions. —Experiment 1. Sup- 
port a plate of window glass (Fig. 189) about 5<™ from a table. Bub its 
^ ^^ upper surface with a silk handkerchief, 

Jfig. 189. 

and place pith-balls, or bits of tissue paper, 

on the table beneath the glass. They will 

dance up and down between the plate and 

table in a lively manner. (Explain.) 

Experiment 2. Place a handftd of bits of tissue paper on a tin disk 

supported by a prime conductor of an electrical machine. The papers 

become excited, are repelled into the air, and fall on all sides, giving 

the appearance of a miniature snow-storm. 

Experiment 3. Apply one end of a discharger to the conductor of 
a machine, and the other end to the inner surface of a glass tumbler, 
and charge the interior with electricity, and then place it over some 
pith-balls, or images cut from pith ; a ludicrous dance will be kept up 
for several minutes. 

The electric whirl consists of a cap of metal resting upon a 
pointed wire, which serves as a pivot. The cap has pointed 

wires branching out from it, like the spokes of a 
wheel, and bent near their ends at right angles, 
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and all turned in the same direction, as shown in 
Figure 190. When this apparatus is placed upon 
the conductor of a machine, the air particles 
around the highly electrified points become ex- 
cited, and are repeUed, producing a current of air 
issuing from the points. The reaction causes 
the wheel to revolve in the opposite direction, as indicated by 
the arrows in the figure. A candle flame placed near the point 
of a rod attached to a conductor will be extinguished. 

§ 226. EjQfeot of points. — We might reasonably expect 
that a current of excited air-particles issuing from points on 
an excited conductor would serve to carry away with them elec- 
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Fig. 101. 



trioity from the conductor ; in other words, to discharge it. Do 
they produce this result? 

Experiment. While the electrical machine is in operation, hold 
your knuckle near the condactor; a succession of sparks will pass 
firom the conductor to your hand. Now place several points on the 
conductor, and again present your knuckle as before ; either no sparks 
will pass to your knuckle, or, at most, very feeble ones, and in a few 
seconds after the operation of gener- 
ating electricity ceases, the conductor 
will be found completely discharged, 
although it is thoroughly insulated. It 
is apparent that the electricity escaped 
from the points. 

We conclude, therefore, that the 
effect of points on an electrified in- 
sulated body is greaUy to facilitate 
the discharge of its electricity. 
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§ 227. Luzninous effects. — 
Figure 191 represents a glass shade 
having circular bits of tinfoil pasted 
spirally aroond it, from top to bot- 
tom, and about 1°™ apart. If the 
poles of an induction coil, or the 
conductors of an electrical machine, are connected, one with 
each extremity of this spiral line, an intermittent line of light 
will be produced in the path of the current by the sparks which 
appear at the intervals between the bits of foil. All experiments 
illustrating luminous effects should be performed in a dark room. 

Beautiful luminous effects may be produced with apparatus 
arranged as follows : Apply to one surface of a mica disk (Fig. 
192), about 15 x 10^, a sheet of silver leaf or tin foil, 8 x 5"°. 
Place two pointed poles of an inductorium, or a Carr6 machine, 
within 1*" of the foil, and as far apart as the power of the 
machine will admit. Sparks will leap from the poles to the foU 
and travel in tortuous branching lines between the poles. 
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If air is partially exhausted fVom the glass tube used in illus- 
trating the law of falling bodies (Fig. 87, page 106), and the 
poles of a coil or machine are applied to the opposite extremi- 
ties of the tube, sparks of electricity passing through the rarefied 
air spread out in sheets of bluish white light resembling tlie 
auroral lighto, heace this tube has received the name Aurora 
tube. 

Fit. IK. 




If a circular disk is divided into black and white sectors, as 

in Figure 193, and rotated very rapidly in ordinary daylight, 

the colors blend, and the disk appears of a uniform gray color. 

Yig_ leg. Bat if the disk is illuminated in a 

darkened room by the electric spark, 

each sector appears separate, and the 

disk appears to be at rest. A nul- 

road train in rapid motion, and even 

its wheels, appear to be at rest when 

illuminated on a dark night by a flash 

of lightning. This shows that the 

duratioii of an electric spark must be 

very brief, inssmuch as it fails to 

illmninate these objects in two successive positions. 

The remarkable beauty and brilliancy of the discharge is 
perhaps best exhibited by means of the well known QeiasUr'a 
tubes. These tubes contain highly rarefied vapors and gases of 
various kinds. Platinum wires are sealed into the glass at each 
end to conduct the electric current through the glass. The 
light, instead of appearing, as in the Aurora tube, like a stream 
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pouring from pole to pole, is often etriated or divided trane- 
vereel; into luminous sectione, with alternating darker eeotions, 
as shown in Figure 194. These striae vary in shape and oolor 



with the degree of the vacuum, and the kind of gas or vapor 
through which the discharge passes. Experiments with these 
tabes succeed best when used with the induction coil. 

g 228. Lightnin^r. — Certain clouds which have formed vei? 
rapidly are highly charged with electricity, usually positively 
chained. The surface of the earth and objects thereon imme- 
diately beneath the cloud are chained indnctively with the 
opposite kind of electricity. The cloud and the earth corre- 
spond to the coatings, and the interreniDg air to the glass of a 
huge Leyden jar. The chaise in the earth and that in the cloud 
hold one another prisoner by their mutual attraction, until, as 
the chaises accumulate, the attraction becomes great enough to 
overcome the resistance of the intervening air, when a dischai^e 
takes place. It is the accumulation of induced electricity on 
elevated objects, such as buildings and trees, that offers an 
attraction for the opposite electricity of the cloud, and renders 
them especially liable to be stmck by lightning. 

g 229. Lisrhtnin^rodB. — The flash will pass along the line 
of least resistance. A good lightning conductor offers a peace- 
ful means of communication between the earth and a cloud ; it 
leads the electricity of the earth gently up toward the cloud, 
and allows it to combine with its opposite without disturbance. 
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EXERCISES. 

1. A spark of fire applied to a mass of soap bubbles, flUed with a 
mixture of oxygen and hydrogen gases generated by a galvanic current, 
produces a powerful explosion. Commencing with the battery, state 
the transformations of, energy, in order, to the final result. 

2. The needle of a galvanometer connected with a thermopile is 
deflected. Trace the transformations of energy concerned. 

8. A steam engine and a dynamo machine ftirnish an electric light. 
State all the transformations of energy necessary. 
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§ 232. Medioal and surgrioal operations. --Currents from 
an induction coil have great E.M.F., like frictional electricity, 
and so can pass through the poorly conducting tissues of the 
human body and produce violent muscular contractions. Cur- 
rents induced by a single voltaic cell, through the mediation of 
an induction coil, may produce agonizing convulsions. A vol- 
taic current has a similar effect at the instants of making and 
breaking the circuit (why ?) ; but by beginning with a mild cur- 
rent, and slowly and gradually increasing its strength, a current 
from two hundred cells has been passed through a person with 
impunity. (Explain.) The physiological effect produced by an 
Induced current at its negative pole is more violent than at the 
positive pole. In this way we may readily distinguishjone pole 
from the other by simply holding one in each hand. The grad- 
ual current produces a benumbing influence, or insensibility to 
pain. A to-and-fro motion of the current produces a muscular 
agitation of the part through which it is sent, the tonic and 
stimulating effects of which are similar to those of muscular 
exercise. The galvanic current also exerts a powerful elec- 
trolytic effect on the system. On this principle it has been 
successfully employed in reducing tumors, etc. 

A platinum wire heated by a galvanic current is used like a 
knife in surgical operations. The former has the advantage 
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over the latter in that it sears the extremities of the blood ves- 
sels and thereby prevents hemorrhage. Enough has been said 
to show that a medical practitioner who can apply the laws of 
electricity has at his command a powerful therapeutic agent; 
but except in experienced hands it is likely to prove useless, if 
not positively dangerous. 

§ 233. Electrio liffht. — If the terminals of wires from a 
powerful magneto machine or galvanic battery are brought to- 
gether, and then separated 1 or 2 millimeters, the current does 
not cease to flow, but volatilizes a portion of the terminals. 
The vapor formed becomes a conductor of high resistance, and 
remaining at a very high temperature produces intense light. 
The light rivals that of the sun both in intensity and purity. 
The heat is so great that it fuses the most refractory substances, 
including even the diamond. Metal terminals quickly melt and 
drop off like tallow, and thereby become so far separated that 
the electro-motive force is no longer sufficient for the increased 
resistance, and the light is extinguished. Hence, pencils of 
carbon (prepared fh>m 
coke deposited in the 
distillation of coal in- 
side of gas retorts), 
which are less fusible, 
are used for terminals. 
For simple experi- 
ments, these pencUs may be held in forceps (Fig. 195) at the 
ends of two brass rods, to which the battery-wires are attached. 
These rods slide in brass heads A and B, supported by insu- 
lating pillars, so that the distance between the carbon points 
may be regulated. 

§ 234. Voltaic aro. — The light is too intense to admit of 
examination with the naked eye ; but if an image of the termi- 
nals is thrown on a screen by means of a lens, or a pin-hole in 
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a card (see page 880), an arch-shaped light is seen extending 
fi-om pole to pole, as shown in Figure 196. This light has 
received the name of the voltaic arc. The larger portion of the 
pj ^^ light, however, emanates ft'om the tips of the two 
carbon terminals, which are heated to an intense 
whiteness, but some from the arc. The +pole is 
hotter than the —pole, as is shown by its glowing 
longer after the current is stopped. The carbon of 
the +pole becomes volatilized, and the light-giving 
particles are transported from the -|-pole to the 
—pole, forming a bridge of luminous vapor between 
the poles. What we see is not electricity, but luminous matter. 
Neither light nor a current can exist without matter, as may be 
shown by trying to pass a current between two metallic poles, a 
little way apart, in a charcoal vacuum (page 56) ; no spark can 
be produced. 

§ 235. Electrio lamp. — It is apparent that the +pol6 is 
subject to a wasting away, and the —pole to a slight accession 
of matter. At the point of the former a conical-shaped cavity 
is formed, while around the point of the latter warty protuber- 
ances appear. When, in consequence of the wearing away of 
the +pole, the distance between the two pencils becomes too 
great for the electric current to span, the light goes out. Nu- 
merous self-acting regulators for maintaining a uniform distance 
between the poles have been devised. Such an arrangement is 
called an electric lamp. In some, the carbons are moved by 
clock-work, which requires winding up occasionally ; in others, 
the movement of the carbons is accomplished automatically by 
the action of the current itself. 

§ 236. Electric candle. — The " Jablochkoff Candle" ob- 
viates all necessit}' for regulators. In this candle, instead of 
the carbons pointing toward each other, they are placed side by 
side, a and h (Fig. 197), separated by a thin insulating septunii 
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c, of kaolin. The current passes up one carbon, across the 
space between the points, and down the other. In its passage 
between the points it forms the luminous arc. The ^.j ^ 
heat of the arc fuses and volatilizes the kaolin, and 
it wastes slowly away like the wick of a candle; 
hence its name. 

The electric light is of the purest white. In it the 
most delicate colors retain their noonday purity of 
tint, while a gas light appears of a sickly yellow hue 
in comparison. 

§ 237. Electrotypingr- — This book is printed 
from electrotype plates. A moulding-case of brass, in the shape 
of a shallow pan, is filled to the depth of about one centimeter 
with melted wax. A few pages are set up in common type, and 
an impression or mould is made by pressing these into the wax. 
The type are then distributed, and again used to set up other 
pages. Powdered plumbago is applied by brushes to the sur- 
face of the wax mould to render it a conductor. The mould is 
then flowed with alcohol to prevent adhesion of air-bubbles, and 
afterwards with a solution of copper sulphate, and dusted with 
iron filings, which form by chemical action a thin film of copper 
on the plumbago surface. The case is then suspended in a bath 
of copper sulphate dissolved in dilute sulphuric acid. The 
—pole (why the —pole?) of a galvanic battery or magneto ma- 
chine is applied to it ; and from the -f-pole is suspended in the 
bath a copper plate (why?) opposite and near to the wax face. 
The salt of copper is decomposed by the electric current, and 
the copper is deposited on the surface of the mould. The sul- 
phuric acid appears at tlie +pole, and, combining with the 
copper of this pole, forms new molecules of copper sulphate. 
When the copper film has acquired about the thickness of an 
ordinary visiting card, it is removed from the mould. This shell 
shows distinctly every line of the types or engraving. It is 
then backed with melted type-metal to give firmness to tb'^ 
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pUte. The plate is then fastened on a block of wood, and tiius 
built up tTpe-high, and is now read; for the printer. 

5 23& Blectro-platinff. — The distinction between dectro- 
plating and electrotyping is, that with the former t^e metallic 
coat remains permanently on the object on which it is deposited, 
while, with the latter, it is intended to be removed. The pro- 
cesses are, in the main, the same. The articles to be plated are 
first thoroughly cleaned, and suspended on the —pole of & 

Flf-ieg. 



battery, and then a plate of the same kind of metal that is to be 
deposited on the given articles is suspended from the +po]e 
(Fig. 198). The bath used is a solution of a salt of the metal 
to be deposited. The cyanides of gold and silver are generally 
used for gilding and silvering. Many of the base metals re- 
quire to be electro-coppered first in order to secure the adhesion 
of the gold or silver. The magneto-electric machine has almost 
completely replaced the voltaic batteiy for electrotyping and 
electro-plating purposes. 

$ 239. Electro -ma^netio engines. — The great power 
which eleotro-mf^ets may exert, even when excited by fbeble 
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corrents, might seem to justify the expectation that through 
their instrumentality a motive power may be obtained that 
would vie with steam. Electro-magnetic engines have, indeed, 
been constructed of four and five horse-power, and boats and 
railroad cars have been propelled and fields plowed by them. 
Their great disadvantage is that they are not economical : the 
zinc and acids required to produce a given amount of power 
cost nearly a hundred times as much as the coal that would 
give the same power. But, on the other hand, the eflSciency 
may be about five times greater than that of a steam engine. But 
where the absolute amount of power is of less consequence than 
the facility of producing it instantaneously and at will, electro- 
magnetic engines may be used with advantage, as in driving 
sewing-machines. 

§ 240. The telegraph. — The word telegraph, literally, sig- 
nifies to write far away. In its broadest sense, it embraces all 
methods of communicating thought with great speed to a dis- 
tance by means of intelligible characters, sounds, or signs ; but 
usually it is applied only to electrical methods. 

First, it should be understood that, instead of two lines of 
wire, one to convey the electric current far away from the bat- 
tery, and another to return it to the battery, if the distant pole 
is connected with a large metallic plate buried in moist earth, 
or, still better, with a gas or water pipe that leads to the earth, 
and the other pole near the battery is connected in a like man- 
ner with the earth, so that the earth forms about one-half of 
the circuit, there will be needed ordy one wire to connect 
telegraphically two places that are distant from each other. 
Furthermore, tJie resistance offered by the earth to the electric 
current is practically nothing; so that, disregarding the resist- 
ance of the ground connections, there is a saving of one-half 
the wire and one-half the resistance, and consequently one-half 
the battery power. 
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Let B, Figure l, Plate III., represent the message-eender, or oper- 
ator's key ; Y, the message-receiyer. It may be seen that the circuit 
is broken at B. Let the operator press his finger on the knob of the 
key. He closes the circuit, and the electric current instantly fills the 
wire from Boston to New York. It magnetizes a ; a draws down the 
lever 6, and presses the point of a style on a strip of paper c that is 
drawn over a roller. The operator ceases to press upon the key, the 
circuit is broken, and instantly b is raised from the paper by a spiral 
spring d. Let the operator press upon the key only for an instant, or 
long enough to count one, a simple dot or indentation will be made in 
the paper. But if he presses upon the key long enough to count three, 
the point of the style wUl remain in contact with the paper the same 
length of time ; and, as the paper is drawn along beneath the point, a 
short straight line is produced. This short line is called a dash* These 
dots and dashes constitute the alphabet of telegraphy. For instance, a 
part of a message, **man is in," is represented as printed in tele- 
graphic characters on the strip of paper. The Roman letters aboye 
interpret their meaning. 

§ 2tL Sounder.-— If the strip of paper is removed, and 
the style is allowed to strike the metallic roller, a sharp click is 
heard. Again, when the lever is drawn ap by the spiral spring, 
it strikes a screw point above (not represented in the fignre) , 
and another click, differing slightly in sound from the first, is 
heard. A listener is able to distingoish dots fh>m dashes by 
the length of the intervals of time that elapse between these 
two sounds. Operators generally read by ear, giving heed to 
the clicking sounds produced by the strokes of a little hammer. 
A receiver so used is called a sounder, a common form of which 
is represented in the lower central part of Plate IH. 

§ 242. Relay and repeater. —The strength of the current 
is. diminished, of course, as the line is extended and the number 
of instruments in the circuit is increased. Hence, a current 
that would move a single sounder audibly, on a short line, 
would not move many sounders on a long line with sufficient 
force to render the message audible. Resort is had to relays 
and repeaters. The principle on which they remove this diflS- 



Plate III. 




NSLiAY AND "REPEATER. 265 

cnlty may, perhaps, be best explained by analogy. In days gone 
by? posts for couriers were stationed a day's journey apart. 
At each post were a courier and a horse at all hours ready to 
start. The courier, bearing a dispatch, rode aU day, and at 
night reached a post where fresh horses were saddled ready for 
the next stage of the journey ; he himself was exhausted, his 
force was nearly spent, but he could awaken a courier who 
was stationed there and deliver the despatches to him, and he 
with fresh strength instantly took up the journey. In a similar 
manner we picture to ourselves the electric current arriving at 
a station so nearly exhausted that it cannot deliver intelligible 
signals, yet it may still have strength to wake up another bat- 
tery and set in motion a fresh current which shall receive and 
announce audibly, or carry forward the message which the 
exhausted current has just strength to whisper. 

In Figure 2, Plate III., the letter B represents a relay and S a sonnder. 
Snppose a weak current arrives at New York from Boston, and has 
sufficient strength to attract the armature of the relay at that station. 
This, as may be seen by examination of the diagram, wUl close another 
short circuit, called the local circuit, and send a cnrrent from a local 
battery located in the same office, through the sounder at that station. 
The sounder, being operated by a battery in a circuit of only a few feet 
in length, delivers the message audibly. If it is desired that the mes- 
sage should go beyond New York, — for instance, to Philadelphia, — 
then we have only to suppose the local line at New York to be length- 
ened so as to extend to Philadelphia, and a powerful line battery to be 
substituted for the small local ; then the message that leaves Boston will 
be shifted from one circuit to the other at New York, and be delivered 
in Philadelphia without the intervention of any operator on the route. 
In this case a relay is called a repeater. The electro-magnets in relays 
are wound with long and thin wire, while those of sounders are wound 
with short, large wire. (Explain. The main battery consists of many 
cells ; how should they be connected? It may be located at either ter- 
minus, but it is genenJly split in halves, and one half placed at each 
terminus ; how should the two halves be connected ?) 

In the diagram the circuit is represented as open at both keys. 
When the line is not in use, the circuit ought always to be left closed, 
by means of switches connected with the keys (not represented in the 
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diagram), bo that, when the line Is not ** at work," an electric cnrrent 
is constantly traversing the wire. Sending a message, consequently, 
consists in interrupting this current by means of a key. Suppose that 
Boston wishes to communicate with New York. He first removes the 
switch on his key, which breaks the circuit and enables him to control 
the circuit with his key. He then manipulates his key so as to produce 
an understood signal, which will attract New York's attention. Every 
time that Boston presses on his key, every armature in his own office, 
and in the New York office, and at way-stations, falls. Of coarse the 
message may be read at every station on the route. 

TELEGRAPHIC ALPHABET. 



§ 243. Fac-simile telegraph. — This is an autographic ap- 
paratus by means of which a message may be, practically, trans- 
mitted over a wire and appear at a distant terminus in the exact 
hand-writing of the sender, and ready at once for delivery. The 
principle on which it operates may be learned from the diagram 
in Plate I., in which all details of its mechanism are omitted for 
simplicity of illustration. X is a sheet of tin-foil, on which the 
message to be sent is written with an ink prepared by dissolving 
sealing-wax in alcohol. The alcohol quickly evaporates, leaving 
the lines of sealing-wax adhering to the foil. Y is a sheet of 
paper moistened with a solution of prussiate of potash. Each 
of the pens is simply a small, pointed iron needle. Now suppose 
that both of the pens are moved at the same time and with the 
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same r&pidity across their respeotiye sheets. Then the electric 
current, decomposing the pmssi&te of potash, will cause tiie 
needle in New York to trace a continuous blue line on T, until 
the needle in Boston reaches a line of sealing-wax on X, when 
the circuit is broken as it paesea over this line. At the same 
time there is a break in the continuity of the line traced on T. 
K, flirther, each needle is moved down a hair's breadth each 
time it traverses its respective sheet, then we shall have an 
exact fac-simile of the writing on the tin-foil produced on the 
chemically-prepared paper, except that whereas the original is 
written in dark letters on a light ground, the message is received 
in light letters on a dark ground. Fen-and-ink sketches of pho- 
tographs and other pictures may be transmitted in the same 
way. The pens are not, of course, held and guided by faumau 
hands, but by complex machineiy. The rigorous exactness 
requisite in the movements of the two pens is secured by the 
absolute synchronism in the vibrations of two pendulums, one 
at each terminus, controlled by the electric current. 

Flg.l9B. 



§ 244. The eleotrio flre-alami. — This is a modification 
of the electro-magnetic telegraph. Figure 199 will serve to 
illustrate the general plan of the American system, invented by 
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Prof. M. G. Fanner, and by him fiist introduced into Boston In 
the year 1852. 

From some central station wires radiate to every part of the 
city. At suitable intervals there are inserted in these circuits 
small cottage-shaped boxes, usually attached to buildings at the 
comers of streets. On opening one of these boxes, a person 
who is to give an alarm finds a crank A, which he is directed to 
^^ pull down once and let go." This winds the spring H, which 
sets in motion a train of wheels, and causes a make-and-break 
wheel C to revolve. This wheel bears upon its circumference 
notches corresponding to the number of the box. Two terminals 
of the line are so connected, one with C and the other with a 
lever 5, that when the lever touches the wheel the circuit is 
closed. But when the wheel revolves, and a notch passes under 
the lever, the circuit is broken. The effect of breaking the 
circuit is to demagnetize the electro-magnet F at the central 
station, and release the armature which is attached to the 
tongue of a bell. The tongue then being drawn forcibly by 
the spring G in the opposite direction, produces one stroke on 
the bell. By pulling the lever down once, the spring is wound 
up just enough to cause C to revolve three times, and thus the 
number of the box is struck three times in succession. The 
watchman at the central station, being thus notified of the 
existence and locality of the fire, at once and in a similar man- 
ner notifies the several fire-engine companies. 
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XXXVII. TELEPHONE AND MICBOPHONE. 
§ a4& Bell telephcoie. — Figure 200 represeata a sectional 
and a perspective view of this iustrameat. It consiats of a 
steel magnet A, about 5 inoheB long and three-eighths of an inch 
in diameter, encircled at one extremity by a short bobbin, on 
which is woand a coil B of very fine insnlated wire ; the ends 

Fig. 300. 



of the ctnl CC are connected with the binding acrews DD. 
Immediately in front of the mi^net is a thin circular iron disk 
EE. The whole is enclosed in a wooden or rubber case F, 
with the exception that the wood is cnt away at Gr, bo as to 
expose one surface of the disk. The conical-shaped cavity 
serves the purpose of either a month-piece or an ear-trumpet. 
There is no difference between the transmitting and receiving 
telephone; each instrument serves both purposes. Each in- 
strument is in itself a diminutive magneto-electric machine, and 
so of course no battery is required in the circuit. Connect in 
drcoit two such telephones, as seen in the figure, by two wires, 
or employ the earth for one of the conductors, and the apparatus 
is ready for use. 
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When a person talks to the disk of the transmitter, he throws 
it into rapid vibration. The disk, being qaite close to the mag- 
net, is itself a magnet by induction ; and, as it vibrates, its 
magnetic power is constantly changing, being strengthened as 
it approaches the mi^et, and enfeebled as it recedes. This 
fluctuating magnetic force will of course induce currents in 
alternate directions in the neighboring coil of wire. These cur- 
rents traverse the whole length of the wire, and so pass through 
the coil of the distant instrument. When the direction of the 
arriying current is such as to reSnf orce the power of the magnet 
of the receiver, the magnet attracts the iron disk in front of it 
more strongly than befoi^. If the current is in the opposite direc- 
tion, the disk is less attracted and flies back. Hence, whatever 
movement is imparted to the disk of the transmitting telephone, 
the disk of the receiving telephone is forced to repeat. The 
vibrations of the latter disk become sound in the same manner 
as the vibrations of a tuning fork or the head of a drum, — but 
of this we shall learn full particulars in the next chapter. 

§ 246. Microphone. ~- In Figure 201, A and B are buttons 
of carbon ; the former is attached to a sounding-board of thin 
pine wood, the latter to a steel spring C, and both are connected 
in circuit with a batteiy and a telephone used as a receiver. 
The spring presses B against A, but any slight jar will cause a 
variation in the pressure. The pupil must have learned ere this 
by experience that the effect of a loose contact between any two 
parts of a circuit is to increase the resistance, and thereby 
weaken the current; but the effect of a slight variation in 
pressure is especially noticeable when either or both of the 
parts are carbon. Now any slight jar, as that caused by the 
tick of a watch, will cause a variation in the pressure between 
the carbon buttons, and this will produce a corresponding varia- 
tion in the current, and the fluctuations in the current are 
attended with the usual vibrations in the telephone receiver. 

By means of this instrument, called the microphone^ any lUtHe 
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Knmda, as its name indicates, eucli as ttie ticking of a watoh or 
the footfall of an insect, may be reproduced at a considerable 
distance, and be as audible as though the original sounds were 
made close to the ear. If a person talk to the thin pine board, 
his words will be distinctly heard in the receiver. 

The Blake transmitter, now Id very general use, is constrocted on 
the principle of the mlcraphone. It will be seen that when this trans- 
mitter Is naed a batter; is required. 

E1g.2Dl. 



In the Uolbear Telephonic Sjstem a. microphone transmitter Is 
placed in the primary circuit of an induction coiL The receiver con- 
sists simply of two thin metallic disks, about 6™ In diameter, separated 
from one anotber by a thin air-apace. These, enclosed in a case of hard 
rubber, are connected, one with the wire tiaia the secondary coH and 
the other with the ground. When the electricity Induced in the coil 
reaches the disli and charges It, It attracts the opposite disk, and the 
varying strength of these charges causes the l^nt disk to vibrate, and 
articulation is thus reproduced with great fidelity. 



CHAPTER V. 
BOUND. 

The subjects of Sound and Light, which we have now to 
study, have two important characteristics in common that dis- 
tinguish them from the subjects already studied. First, each of 
them affects its peculiar organ of sense, the ear or eye, and 
very many of the phenomena to be studied under each subject 
are of importance only to one or the other of these senses; 
while the most common, and many of the most important appli- 
cations of heat and electricity have no direct relation to any 
organ of sense. Second, both sound and light, we shall find, 
originate in vibrating bodies, and reach us only by the inter- 
vention of some medium capable of being set in vibration. 

Here, as in all other kinds of motion, energy is involved ; the 
ear or eye absorbs energy whenever a sensation is produced, but 
the amount absorbed is so minute, and the difficulty of measuring 
it so great, that usually other points better deserve the student's 
attention. 

Let us begin with the study of such vibrations as will neither 
produce sound, nor in a dark room affect the eye. 

XXX Vm. VIBRATION AND WAVES. 

§ 247. Vibration. — Experiment l. Repeat the experiment with 
the pendulum V^ long, page 111, and note in what respects its motion 
differs from most other motions. 

Experiment 2. Take a pendulum 50<»> long, hold it with the string 
just touching an edge of a table, having the hand about SS'^ above the 
table, and set it vibrating ; the ball will be seen to vibrate fkster in the 
portion of its arc that is under the table than in the other portion, and 
so more vibrations are made in ten seconds than if the string swing 
freely without touching the table. 
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ESzperlment 8. Without the pendulum, move the hand quickly ftem 
side to side every two seconds, taming instantly at one side, and wait- 
ing at the other till the two seconds are ap. 

These three motions, thongh very different, have this in com- 
mon : the motions in each case occur at eqtuU irUervoUs of time. 
This interval of time is called the period of vibrcUion. In Exp. 1 
it was two seconds ; in Exp. 2, about one second ; and in Exp. 3, 
two seconds. The motion from one side to the other and back 
is called a vibration. If n = the number pf vibrations in one 

second, and t = the period, ^ =— The amplitude of pendulum 

n 

vibrations is assumed to be very small. In Exp. 1 the motion is 
called a simple (or pendular) vibration; in the other cases the 
vibration of the ball or the hand is complex. Do not confound 
period with duration of the vibrating state; in Exp. 1 the 
pendulum may have vibrated ten or one hundred seconds, 
before coming to rest, but the period was two seconds. Con- 
sidered mathematically, other periodic (and therefore vibratory) 
motions are, the movements of the hands of a watch, the regu- 
lar trips of a stage-coach, etc. A vibration is a recurrent change 
of position. 

§ 248. Direction of vibration. — A small rod, like a yard- 
stick, fixed at one end, may be set in vibration by pulling the 
other end to one side ; a tree vibrates in the wind ; the strings 
of a piano swing fh>m side to side when vibrating ; in all these 
cases the motion is at right angles to the length of the body, 
and so the body is bent. These are all cases of transverse 
vibrations. 

Experiment. Hang up a spiral spring, or elastic cord, with a weight 
attached to the lower end; lift the weight, and, dropping it, notice 
that the cord vibrates, lengthening and shortening rapidly. 

The motion of the body is in the direction of its length, and 
so it is not bent ; this is a case of longittuiinail vibration. Twist 
the string, and see tiiat it is possible to set up torsional vibra- 



2T4 souin). 

tUms. Compare these kinds of vibration with the kinds of 
elasticity studied on page 80. 

§ 2f9L Propagation of vibration. — Waves. — Experfl- 
ment. Take a soft cotton rope, a few meters long, lay it straig^ht on 
a floor, set one end in vibration by quick movements of the hand. 
Notice any point in the rope, and see that it is set In vibration ; that 
lS| it moves up and down, or laterally from side to side throngb its 
original position of rest. Make a single movement of the hand, which 
is better called a pulse than a vibration ; it is easy to see that the 
pulse does not reach all points of the rope at the same time. Send a 
quick succession of equal pulses along the rope ; at any instant differ- 
ent pulses affect different parts of it, and you get more or less perfectly 
the familiar form that we call a toave-line. Notice that any point of 
the rope only moves up and down, while the form of the wave mores 
on. Vibrate the hand in a longer period, and notice that the distance 
ftom crest to crest is longer than before. 

§ 250. Wave-length and amplitude. — Imagine an in- 
stantaneous photograph taken of the rope along which the waves 

are passing. It would appear 
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much like the curved line CD, 
Figure 202. This curve repre- 
sents what is known as a simple 
wave-line. The shortest of the 
similar portions into which a 

wave-line can be cut is called a wave-length, as wo?, uv, or ew. 

The greatest distance of any point in a wave from the axis, as 

ou, is called the amplitude of the wave. 

§ 251. Reflection of waves. — Interference.* — Experi- 
ment 1. Stretch the rope horizontally between two elevated points, 
and pluck it with the hand or strike it with a stick near one end, and 
send along it a single pulse, forming a crest on the rope (A, Fig. 
203). This travels to the other end, and there we see it reflected and 
inverted (B). 

1 Bee BeeUon Q of the Appendix. 
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. Just at the Inatant of reflecUon, st&rt & second 
crest; these two, the crest and tbe retaniing Inverted creat or trough 
(C), are now traveling 
along the rope In oppo- 
site directions, and must 
meet at some point. This 
point win be urged up- 
ward bj the crest and 
downward bj the trough, 
and so Its motion will b 
due to the difference of 
the two forces. 

Experiment 8. Send 
along the rope, first a trough, then a. crest; now two crests (D) will 
meet near the middle of the rope, and the motion here wtU be due to 
two forces acting In the same direction, and so the resulting crest will 
be greater than eitber of the origlnsl ones. 

This action on a single point of two pulses, or two trains of 
wares, no matter if &om different Bonroes, is termed interfer- 
encx. The resulting motion may be greater or less tfaan that 
due to either pulse alone, or it may be zero. 

§ 252. Stationary Tibrations, nodes, etc. — Experiment. 
Hold one end of a rubber tube, about 2'° long, while the other is fixed, 
and send along It a regular SDcceeslon of equal pulses from the vibrat- 
ing hand; it will be e&ay, bj varying the tension a little, to obtain a 
succession of gauzy spindles (Fig. 20i) separated b; points that are 
Fig. aoi. 



nearly or qnlte at rest. Unlike the earlier experiments, the waves here 
do not appear to travel along the tube ; yet In reality they do traverse 
it. The deception Is caused by stationary points being produced by the 
lnt«rference of the advancing and retreating waves. 

l^iiB interference of direct and reflected waves gives rise to 
the important class of so-called riaiionary vibraHon*. The 
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points of least motion, as a and 5, are called nodes; the points 
of greatest motion, c and d, are called antinodes; and the por- 
tion of the rope between a node and an antinode, as ac^ is a 
semi-ventrcU segment, and db is a ventral segment, 

§ 253. Water-waves. — If you have a long and rather 
narrow box or trough, nearly filled with water, you can pro- 
duce much the same effects as with the rope. A crest is 
caused by thrusting the hand into the water ; a trough, by sud- 
denly withdrawing it. Chips floating on the water show that 
here, as with the rope, it is only a form that advances — not 
the matter. But more careful observation will show that the 
chip, when on the crest of the wave, does move forward a little, 
and when in the trough moves backward a little ; thus it does 
not merely rise and fall, but goes round in a curve that is 
approximately a circle. After a little practice, you may be able 
to produce interference and stationary waves ; or you may pro- 
duce them by blowing on the surface of water in a basin, or by 
tapping the basin. Water-waves furnish important illustrations 
of the fact that energy may be transmitted by vibration as truly 
as by the actual transfer of the medium, as in the river's current 
or the wind. 

§ 254i Longitudinal waves. — Experiment. Procure a brass 
wire wound in the form of a spiral spring,^ about 4:^ long. Attach one 
end to a cigar box, and fasten the box to a table. Hold the other end H 
of the spiral firmly in one hand, and with the other hand insert a knife- 
blade between the 
^ Fig. 205.^ ^ turns of the wire, 

and quickly rake 
It for a short dis- 
tance along the 
spiral toward the 
box, thereby crowding closer together for a little distance (B, iFig. 
205) the turns of wire in front of the hand, and leaving the turns 
behind palled wider apart (A) for about an equal distance. The 

1 About 26" of No. 20 brass spring-wire should be wound with care In a lathe on » 
a|dndle 1"> In diameter, as close as possible. 



H 




AIR AS A MEDIUM OF WAVE-MOTION. 277 

crowded part of the spiral may be called a condensation, and the 
stretched part a rarefaction. The condensation, followed by the rare- 
faction, runs with great velocity through the spiral, strikes the box, pro- 
ducing a sharp, loud blow ; is reflected from the box back to the hand, 
and from the hand again to the box, producing a second blow ; and by 
skilfrd manipulation three or four blows may be produced in rapid suc- 
cession. If a piece of twine be tied to some turn of the wire, it will 
be seen, as each wave passes it, to receive a slight jerking movement 
forward and backward in the direction of the length of the spiral. 

How is energy transmitted through these 4™ of spring so as 
to deliver the blow on the box? Certainly not by a bodily 
movement of the spiral as a whole, as might be the case if it 
were a rigid rod. The movement of the twine shows that the 
only motion which the coil undergoes is a vibratory movement 
of its turns. Here, as in the case of water-waves, energy is 
transmitted through a medium by the transmission of vibrations. 

There are two important distinctions between this kind of 
wave and a liquid wave : the former consists of a condensation 
and a rarefaction ; the latter, of an elevation and a depression ; 
in the former, the vibration^of the parts is in the same line with 
the path of the wave, and hence these are called longitudinal 
waves; in the latter, across its path, and they are therefore 
transverse waves, 

A wave cannot be transmitted through an inelastic soft iron 
spiral. Elasticity is essential in a medium^ thai it may transmit 
waves made up of condensations and rarefactions; and the greater 
the elasticity^ the greater the facility and rapidity with which a 
medium transmits waves. 

§ 255. Air as a medium of wave-motion. —May not air 
and other gases, which are elastic, serve as media for waves ? 

Experiment. Place a candle flame at the orifice a of the tube,^ Figure 
206, and strike the table a sharp blow with a book near the orifice h. 

^ This tabe, which will serve many important purposes, may be made of tin in three 
parts, A and 6, each 2.6n long, and 10» in diameter, and a conical-shaped cap about 
90» long, haying an orifice of 8" diameter. The ends of the three parts should be 
made slightly tapering, so that they may bo put together like a stove-pipe. 
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Instantly the candle flame is quenched. The body of air in the tube 
serves as a medium for transmission of motion to the candle. 

Was it the motion of a current of air through the tube, as when 
blown through, or was it the transfer of a vibratory motion? Bum 
touch-paper ^ at the orifice 6, so as to fill this end of the tube with 
smoke, and repeat the last experiment. 

Evidently, if the body of air Is moved along through the tube, the 
smoke will be carried along with it. The candle is blown out as before, 
but no smoke issues ft'om the orifice a. It is clear that there is no 



Fig. 206. 




translation of material particles from one end to the other, — nothing 
like the fiight of a rifle bullet. The candle flame was struck by some- 
thing like SLptUse of air, and not by a loind, 

§ 256. How a wave is propa.grated through a medimu. 
— The effect of applying force with the hand to the spiral 
spring is to produce in a certain section (B, Fig. 205) of the 
spiral a crowding together of the turns of wire, and at A a 
separation ; but the elasticity of the spiral instantly causes B to 
expand, the effect of which is to produce a crowding together of 
the turns of wire in front of it, in the section C, and thus a for- 
ward movement of the condensation is made. At the same 
time, the expansion of B causes a filling up of the rarefaction at 
A, so that this section is restored to its normal state. This is 
not all : the folds in the section B do not stop in their swing 
when they have recovered their original position, but, like a 
pendulum, swing beyond the position of rest, thus producing a 
rarefaction at B, where, immediately before, there was a oon- 

^ To prepare touch-paper, dUsolye about a teaapoonftil of saltpeter in a half teaoapifdl 
of hot water, dip unsized paper in the solution, and then allow it to dry. The paper -pto- 
duces much smoke in burning, but no flame. 
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densation. Thus a forward movement of the rarefaction is 
made, and thus a pulse or wave is transmitted with uniform 
velocity through a spiral spring, air, or any elastic medium. 

§ 257. How a wave-line represents a vibration. — We 
saw (page 274) that a wave might be caused by a vibration, 
and readily believe that if the vibration is changed in any way, 
the wave must show some corresponding change. In fact the 
wave-line shows at once something about the vibration for sev- 
eral successive periods; so, if we could attach a cord to a 
vibrating body, or set up vibrations in water by it, and then 
take an instantaneous photograph of the rapidly-disappearing 
waves, we might learn much about the nature of the original 
vibrations. 

A much more practical arrangement, which gives a permanent 
wave-line, is the following 

Bxperiment. Attach, by means of sealing-wax, a bristle or a fine 
wire to the end of one of the prongs of a tuDing-fork, as seen in 
Figare 207. Set the fork in Big ao7 

vibration, and quickly draw 1^ 

the point of the bristle 
lightly over a smoked glass 
(A, Fig. 207). A beaatifal wavy line will be traced on the glass, each 
wave corresponding to a vibration of the prong when vibrating as a 
whole. 

Next tap the fork, near its stem, on the edge of a table, and trace its 
vibrations on a smoked glass as before. You will generate the same 
set of waves that you did before ; bat, running over these, is another set 
of waves, of much shorter period, much Uke No. 8 o'i Figure 223, page 
312, showing that the prong vibrates, not only as a whole, but in parts. 
The serrated wavy Une produced represents the resultant of the com- 
bined vibrations, and may be called a complex wave-line. 

If we imagine the piece of twine on the spiral (page 277) 
replaced by a bristle pointing downward, and under it a smoked 
glass drawn at right angles to the length of the spiral, the 
vibrating bristle will trace a characteristic curve on the glass. 
We may even conceive a writing point attached to a particle 
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of air and tracing these curves, and thus understand how it 
can illustrate the nature of the vibration of the air. This method 
is known as the graphical method of studying vibrations. 

XXXIX. SOUND-WAVES. 

§ 25ft How sound originates. — Listen to yonder sound- 
ing church-bell. It produces a sensation ; it is heard. If the 
orifices of the ears be stopped by pressing the palms of the 
hands against them, the sensation, in a great measure, ceases. 
The ear is, therefore, the organ of sense through which the 
sensation of hearing is produced. The bell must be the cause 
of the impression made on the ear. But the bell is at such a 
distance that it cannot itself act on the ear ; yet something must 
act on the ear, and it must be the bell which causes that some- 
thing to act. 

Commencing at the origin of sound, let the first inquiry be, 
How does a sounding body differ from a silent body? 

Bizperlments. Strike a bell or a glass bell-jar, and touch the edge 
with a small cork ball suspended by a thread ; you not only hear the 
sound, but, at the same time, you see a tremulous motion of the ball, 
caused by a motion of the bell. Touch the bell gently with a finger, 
and you feel a tremulous motion. Press the hand against the bell ; 
you stop its vibratory motion, and at that instant the ^ound ceases. 
Strike the prongs of a tuning-fork, press the stem against a table, you 
hear a sound. Touch gently the cheek with the end of one of the 
prongs ; you feel a tickling sensation produced by its minute vibrations. 
Thrust the ends of the prongs just beneath the surf&ce of water ; the 
water is thrown off in a fine spray on either side of the vibrating fork. 
Watch the strings of a piano, guitar, or violin, or the tongue of a jews- 
harp, when sounding. Tou can see that they are in motion. 

The difference between a body when sounding and when not 
sounding is, that when sounding it is in a state of continuons 
vibration ; when not sounding, this vibration is absent, and the 
parts of the body are at rest among themselves. We condude 
%at sound originates in a vibrating body. 
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Sounds that proceed from the tuning-fork and the violin 
string are examples of sound produced by transverse vibrations. 

Experiment 1. With one hand grasp at its center a glass tube 
about 1^ long ; lay a damp woolen cloth on the palm of the other hand, 
and grasp the tube tightly with this hand, and slide it quickly length- 
wise the tube. The friction between the cloth and the tube wiU throw 
the latter into longitudinal vibr(xtion8y and a loud, shriU sound will be 
produced. 

Elxperiment 2. Take a strip of sheet-iron or brass 15<»> long and 
gem wide, make a hole near one end, and suspend by a string V^ long 
from the hand, and rotate it rapidly about the hand after the manner 
of a sling. The string will rapidly twist and untwist, and a loud sound 
will result from the torsiondl vibrations. 

§ 259. How sound travels. — How can a bell, sounding 
at a distance, affect the ear? If the bell while sounding pos- 
sesses no peculiar property except motion, then it has nothing 
to communicate to the ear but motion. But motion can be 
communicated by one body to another at a distance only through 
some medium. 

Does sound require a medium for its communication? If so, 
what is the medium? 

fixperiment. Lay a thick tuft of cotton-wool on the plate of an 
air-pump, and on this, face downward, place a loud-ticking watch, and 
cover with the receiver. Notice that the receiver^ interposed between 
the watch and your ear, greatly diminishes the sound, or interferes 
with the passage of something to the ear. Take a few strokes of the 
pump and listen ; the sound is more feeble, and continues to grow less 
and less distinct as the exhaustion progresses, until either no sound 
can be heard when the ear is placed close to the receiver, or an ex- 
tremely faint one, as if coming from a great distance. The removal 
of air fl*om a portion of the space between the watch and your ear 
destroys the sound, although the watch continues to tick. Let in the 
air again and the sound is restored. 

Thus it appears that sound cannot tra/vd through a vacuum; in 

other words, uritkout a medium^ and the medium in this case is air. 

By which of the two methods described on page 278 is mo- 
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tion transmitted from the sounding body through the air ? Take 
an extreme case : A cannon is discharged at a distance of one- 
fourth of a mile fVom you. You not only hear the soand, but 
feel the shock communicated by the air; the windows are 
shaken by it ; at the same time, you easily perceive that it is 
not the motion of a wind, but the motion of a pulse. It can 
easily be shown that the pulse travelled at a rate of aboat 800 
miles in an hour, or with nearly the velocity of a rifle ball, 
whereas the wind of a hurricane seldom exceeds 75 miles an 
hour. What, think you, would be the result if you were to be 
struck by a gust of wuxd of such velocity? Yet the softest 
whisper travels with very nearly the same speed. 

§ 260. Air-waves. — Boys amuse themselves by inflating 
paper bags, and with a quick blow bursting them, producing 
with each a single loud report. First the air is suddenly and 
greatly condensed b}' the blow, the bag is burst ; the air now, as 
suddenly and with equal force, expands, and by its expansion 
condenses the air for a certain distance all around it, leaving a 
rarefaction where just before had been a condensation. If many 
bags were burst at the same spot in rapid succession, the result 
would be that alternating shells of condensation and rarefaction 
would be thrown oflf, all having a common center, enlarging as 
the}' advance, lil^e the waves formed by stones dropped into 
water ; only that, in this case, the waves are not like rings, but 
hollow globes ; not circular, but spherical. 

As a wave advances, each individual air-particle concerned in 
its transmission performs a short excursion fro and to in a 
straight line radiating from the center of the shells or hollow 
globes. A particle begins to move when the front of the shell 
of compression touches it, and completes its motion when the 
back of the next shell of rarefaction leaves it. Accordingly, an 
air-wave travels its own length in the time that a partide occupies 
in going through one complete vibration so as to be ready to start 
again. 
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§ 2SL What sound is. — The term sound is sometimes 
used to denote a sensation, sometimes to denote the external 
cause of the sensation ; it is in this latter sense that the word is 
used in Physics, and that we have to define it. 

If the ear replace the candle in the experiment (page 278) , the 
air pulse produces a loud sound. Conversely, air-waves started 
by the voice may affect a flame, as shown on page 813. In fact, 
the relation between the cause of our sensation and a vibration 
is so uniform, that we may say, Sound is vibrcUion that may be 
appreciated by tlie ear, 

§ 26& Solids and liquids eua media transmitting sound. 
— EbEperiment 1. Lay a watch, with its back downward, on and near 
to one end of a long board (or table), and cover the watch with loose 
folds of cloth till its ticking cannot be heard through the air in any 
direction at a distance equal to the length of the board. Now place 
the ear In contact with the distant end of the board, and yon will hear 
the ticking of the watch very distinctly. 

Experiment 2. Place one end of a long pole on a resonance box 
(page 296), and apply the stem of a vibrating tuning-fork to the other 
end ; the sound-vibrations will be transmitted throogh the pole to the 
box, and a loud sound will be given out by the box, as though that, 
and not the tuning-fork, were the origin of the sound. 

Elxperiment 3. Place the ear to the earth, and listen to the rumbling 
of a distant carriage ; or put the ear to one end of a long stick of tim- 
ber, and let some one gently scratch the other end with a pin. 

Experiment 4. The following experiment will be found very In- 
structive and satisfactory : Let two persons stand about fifteen rods 
apart, and one of them strike two pebble-stones together, so as to be 
scarcely audible to the other. Then, when at the same distance apart, 
let one of them dive to the bottom of a pond of water, or hold one ear 
for a few seconds beneath the surface of the water, whUe the other, 
extending his hands into the water, strikes the stones together as 
before. The sound Is much more audible than when conveyed by air. 

Solids and liquids^ as well as gases^ transmit sound-vibrations. 
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XL. VELOCITY OF SOUND. 

S 263. On what velocity of Bound depends. — The fUush 
of a gtm, however distant, is seen by an observer at the instant 
it is made. But the report, if the distance is several hundred 
yards, is heard a little later. If the distance is a mile, an in- 
terval of nearly five seconds will occur; so that sound mast 
occupy that time in traveling a mile, or it must travel about 
1100 feet in a second, — a velocity somewhat less than that of 
a rifle ball. 

It is apparent that sound must travel more slowly in a dense 
than in a rare medium, inasmach as in the former there is a 
greater mass to be moved ; on the other hand (see page 277) , 
it travels faster in the medium that is the most elastic. Density 
retards and elasticity increases the velocity of sound. The rela- 
tion of velocitj' to the density and elasticity of gases, as ascer- 
tained by careful experiment, is as follows : the velocity of sound 
in gases is directly proportional to the square root of their ektsti- 
city, and inversely proportional to the square root of their 
respective densities. 

The velocity of sound in air at 0° C. has been found to be 
333™ (1093 ft.) per second. Its velocity increases nearly six- 
tenths of a meter for each degree centigi*ade. At the temper- 
ature of 16° C. (60** F.) we may reckon the velocity of sound 
at about 342" (1125 ft.) per second. 

The greater density of solids and liquids, as compared with 
gases, tends, of course, to diminish the velocity of sound ; but 
their greater elasticity ^ more than compensates for the decrease 
of velocity occasioned by the increase of density. As a general 
rule, solids are more elastic than liquids ; hence, sound generally 
travels faster in the former than in the latter. For example, 
sound travels in water about 4 times as fast as in air ; in lead, 

^ The question will very pertinently arise here, inasmach as gases are (page 53) per- 
fectly elastic, How can solids and liquids he regarded as having greater elasticity? It 
should he understood that while gases completely recover their volume after a compres- 
sing force is removed, they do it more sluggishly than solids and liquids. 
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4 times ; in gold, 5 times ; in brass, 10 times ; in copper, 11 
times ; in iron, 16 times ; in glass, 16 times ; in wood, along 
the fiber, between 10 and 15 times ; in wood, across the fiber, 
between 4 and 6 times. 

QUESTIONS. 

1. (a) If a body of gas is compressed, how is its density or volmne 
affected? (See page 156.) (6) How is its elasticity affected? (c) How 
is it affected as regards the velocity with which it will transmit sonnd? 

2. Hydrogen is sixteen times lighter (or rarer) than oxygen under 
the same pressure, (a) In which will sound travel faster? (&) Why? 
(c) How many times faster? 

3. When sound travels in air with a velocity of 331°> per second, it 
travels in carbonic acid gas at the rate of 262" per second, (a) Which 
is the denser gas? (h) How many times denser? 

4. When a confined body of air is heated, it has its elasticily in- 
creased without any change of density. How will this affect transmis- 
sion of sound? 

6. If air is heated and allowed to expand freely, as on a warm 
summer day, its elasticity is unaffected, but its density is diminished ; 
how will this affect the transmission of sound? 



XLI. REFLECTION AND REFRACTION OF SOUND. 

§ 264. Beflection. — In the experiment with the spiral 
spring, waves were reflected from the box to the hand, and 
from the hand to the box. When a sound-wave meets an 
obstacle in its course, it is reflected ; and a sonnd heard after 
being thns reflected is often called an echo^ or reverberation when 
many times reflected, so that the sound becomes nearly con- 
tinuous. 

§ 265. Sound reflected by concave mirrors. — Experi- 
ment. Place a watch at the focus (page 286) A, Figure 208, of a con- 
cave mirror G. At the focus B of another concave mirror H, place the 
large opening of a small tunnel, and with a rubber connector attach 
the bent glass tube C to the nose of the tunnel. The extremity D 
being placed in the ear, the ticking of the watch can be heard very 
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distinctly, as fhoogh it were somewhere near the mirror H. Thougb 
the mirrors be 5" apart, the sound will be heard much louder at S than 
at an Intertermediate point £. 

How is this explained? Eyery air-particle in a c^ertain 
radial line, as Ac, receiyes and transmits motion in the direc- 
tion of this line ; the last particle strikes the mirror at c, and 
being perfectly elastic, bounds off in the direction oc' in con- 
formity to the law of reflection (page 118), commonicating its 
motion to the particles in this line. At c* a similar reflection 
giyes motion to the air-particles in the line c'B. In consequence 
of these two reflections, all diyergent lines of force, as Ad, A^, 

etc., that meet the mirror 
^^'^' G, are there rendered 

G J^ — ;; 7^ ^ parallel, and afterwards 

rendered conyei^ent at 
the mirror H. The prac- 
tical result of the concen- 
tration of this scattering 
force is, that a sound of 
great intensity is heard at B. The points A and B are caUed 
the fod of the mirrors. The front of the waye as it leayes A 
is conyex, in passing from G to H it is plane, and from H 
to B concaye. If you fill a large circular tin basin with 
water, and strike one edge with a knuckle, circular wayes with 
concaye fronts will close in on the center, heaping up the 
water at that point. 

Long *' whispering-galleries" have been constmcted on this prin- 
ciple. Persons stationed at the foci of the concave ends of the long 
gallery can carry on a conversation in a whisper which persons be- 
tween cannot hear. A most notable instance was that of the *' Ear of 
Dionyslas," in the dungeon of Syracuse. The roof of the prison was 
so constructed as to transmit through a narrow passage cut in the rock, 
to the ear of the tyrant, even the whispers of the victims there con- 
fined. 

The external ear is a sound condenser. The hand held concave 
behind the ear, by its increased surface, adds to its efficiency. An ear- 
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tmmpet, by BDCcesslre reflections, serves to concentrate, at the Bm&ll 
orlflce opening Into the ear, all the sonnd-waves tbat enter M the large 



§266l Re&aotion. — If yon place your ear at the small end 
of a tunnel C (Fig. 209), find listen to the ticking of a watch A, 



4" diatant, and then introduce a collodion balloon B filled with 
carbonic acid gas between your ear aad the watch, and very 
near the latter, the sound becomes much louder. 

The cMue Is obvious ; for, let the carved lines a, b, c, etc., represent 
sections of sound-waves with convex fronts, and B a spherical bod; 
of carbonic acid gas wblcb is denser than i^r; then it is clear that, 
owing to tbe slower progress of the waves in the denser gas, they 
would become flattened on entering this gas, and the waves of convex 
fronts may I>e changed to waves of plane fronts. Again, points at 
the extremities ot the waves, having less distance to travel In the denser 
gas than points near the center, would emerge flrst and get in advance, 
and thus the wave fronts which are plane while wholly In tbe dense 
gas, become concave on leaving It. By these changes in the fomi of 
the wave fronts, sonnd energy which was originally becoming difltased 
through wider and wider space, and therefore becoming less intense 
as It progressed, is so changed In direction in passing into and out of 
a medium of greater density, that the energy is flnally concentrated at 
a distant point, as at C, and thereby intensifled. 

Any change in direction of sound, caused by passing from a 
medium of a certain density into a medium of dilTerent density, 
is called refraction. 
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XLn. LOUDNESS OF SOUND. 

§ 267. liOudnesB depends on amplitade of vibrationB. — 
Gently tap the prongs of a taning-f ork and dip them into water, 
— the water is scarcely moved by them ; increase the force of 
the blow, — the vibrations become wider, and the water spray is 
thrown with greater force and to a greater distance. The same 
thing occurs when the fork vibrates in air ; though we do not 
see the air-particles as they are batted by the moving fork, 
yet we feel the effects as a sound sensation, and we judge of 
their energy by the intensity of the sensation. Loudness of 
sound is really the measure of a sensation ; but as we have no 
suitable or constant standard of measurement for a sensation, 
we are compelled to measure rather the intensity of the sound- 
wave, knowing at the same time that the loudness is not pro- 
portional to this intensity ; unfortunately the expressions loud- 
ness and intensity of sound are often interchanged. The inten- 
sity of a vibration is measured by the enei^y of the vibrating 
particle. It is clear that if the amplitude of vibration of a 
particle is doubled while its period remains constant, its velocity 
is doubled (or nearly so) , and its energy becomes therefore four 
times as much as at first. Hence, (1) Measured mechanically, 
the loudness or intensity of sound is proportioned to the square 
of the amplitude of the vibrations of the sounding body, 

§ 268. Loudness depends upon the density of the me- 
dium. — In the experiment with the watch under the receiver 
of the air-pump (page 281), the sound grew feebler as the air 
became rarer. Aeronauts are obliged to exert themselves 
more to make their conversation heard when they reach great 
bights than when in the denser lower air. Fill a glass bell- jar 
with hydrogen gas, and place in it a small alarm clock ; the 
sound is exceedingly weak and thin, as compared with the 
sound when the jar is filled with air. These experiments teach 
us, (2) that the intensity of sound depends upon the density of 
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the medium in which it is produced. In a rare mediam a vibrat- 
ing body during a single vibration sets in motion either fewer 
particles, as in the case of the partially exhausted receiver, or, 
as in the case of the hydn^en gas, it sets in. motion lighter par- 
ticles than in a dense medium ; consequently it parts with its 
energy more slowly, and the sound is consequently weaker. 

(In which ought the vibrations of a body to last longer, — in 
a dense or in a rare medium ? Why?) 

§ 269. Loudness depends on distance. — It is a matter 
of every-day observation that the loudness of a sound dimin- 
ishes very rapidly as the distance from its source to the ear 
increases. The ear is not, however, able to compare very accu- 
rately the loudness of two sounds; for instance, it cannot 
determine when one sound is just twice as loud as another. 
This, however, so far as it is affected by distance, can be very 
accurately determined by calculation. For it is evident that as 
a sound-wave recedes from its source in an ever- widening sphere, 
a given amount of energy becomes distributed over an ever- 
increasing surface ; and as a greater number of particles par- 
take of tiie motion, individual particles receive proportionally 
less energy ; hence it follows, — as a consequence of the geomet- 
rical truth, that the surface of a sphere varies as the square of its 
radius, — that (8) the intensity of sound varies inversely as the 
square of the distance from its source. For example, if two per- 
sons, A and B, are respectively 500 and 1000 meters from a gun 
when it is discharged, the report that reaches A will be four 
times as loud as the same report when it reaches B. 

§ 270L SpeakinfiT tabes. — Ezperiment. Place a watch at one 
end of the long tin tube (Fig. 206), and the ear at the other end. The 
ticking is heard very loud, as though the watch were close to the ear. 

Long tin tubes, called speaJcing tubes^ passing through many 
apartments in a building, enable persons at the distant extremi- 
ties to carry on conversation in a low tone of voice, while per 
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sons in the various rooms through which the tube passes hear 
nothing. The reason is that the sound-waves which enter the 
tube are prevented from expanding, consequently the intensity 
of sound is not affected by distance, except as its energy is 
wasted by friction of the air against the sides of the tube. 

§ 271. Beenforcement of sound. — Observe the difference 
between the loudness of a sound made in a room, and the same 
made in the open air. In a room of moderate size the original 
and reflected sounds are heard simultaneously, one intensifying 
the other and producing what is called resonance. In large 
rooms, the blending of the two is not perfect, resulting in a sort 
of blurred sound, which is loud but indistinct. 

Bxperiment. Set a taning-f ork in vibration ; yon can scarcely hear 
the sound produced unless it is held near the ear. Press the stem 
against a table ; the sound rings out loud, but seems to proceed from 
the table. Again set it vibrating, hold it to the ear, and, watch in 
hand, note the number of seconds it can be heard ; then note the time 
that it can be heard when the stem rests on the table. The vibrations 
continue longer in the former case than in tiie latter. 

When only the fork vibrates, the prongs presenting little sur- 
face cut their way through the air, producing very slight conden- 
sations, and consequently sounds of little intensity. When the 
fork rests upon the table, the vibrations are conamunicated to 
the table ; the table with its larger surface throws a larger mass 
of air into vibration, and thus greatly intensifies the sound. 
But as the sound is rendered more intense, the energy of the 
vibrating body is sooner exhausted, and the sounds have shorter 
duration. 

In all stringed instruments, like the piano, violin, etc., reea- 
forcement of sound is necessary ; here the sounding board of 
thin wood fills more perfectly the place. of the table. This 
sounding board must strengthen all notes within the compass of 
the instrument. The strings of the piano, guitar, and violin 
owe as much of their loudness of sound to their elastic sounding 
boards, as does the fork to the table. 
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§ 272. Bednforoement by masses of air. —Resonators. 
— Experiment. Take a glass tube A, Figure 210, 45<» long and 4<™ 
in diameter ; thrust one end into a ves^l of water, C, and hold over the 
other end a vibrating tuning-fork B that makes (say) 256 vibrations in 
a second. (See page 800.) Gradually lower the tube into the water, 
and when it reaches a certain depth, i.e., when the column of air oc 
attains a certain length, the sound 
of the fork becomes very loud ; ^' ^®' 

continuing to lower the tube, the 
sound rapidly dies away. Try 
other forks that make different 
numbers of vibrations in a sec- 
ond. The sound of each is Inten- 
sified, but each requires a length 
of air-column suited to its par- 
ticular vibration number. 

Colnmns of air are thus 
found to serve as well as 
sounding boards to strengthen 
a sound. When so used they 
are called resonators; but unlike the sounding board they can 
respond loudly to only one tone, or to a few tones of widely 
different pitch. An important form of resonator is shown on 
page 809. 

How is this reenforcement effected ? When the prong a moves 
from one extremity of its arc a' to the other a", it sends a con- 
densation down the tube ; this condensation striking the surface 
of the water, is reflected by it up the tube. Now suppose that 
the front of this reflected condensation should just reach the 
prong at the instant it is starting on its retreat from a" to a' ; 
then the reflected condensation will conspire with the condensa- 
tion formed by the prong in its retreat to make a greater con- 
densation in the air outside the tube. Again the retreat of the 
prong from a" to a* produces in its rear a rarefaction, which also 
runs down the tube, is reflected, and will reach the prong at the 
instant it is about to return from a' to a", and to cause a rare* 
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faction in its rear ; these two rarefactions moving in the same 
direction conspire to produce an intensified rarefaction. The 
original sounds thus combinS with their echoes to produce reso- 
nance ; but this can only happen when the like parts of each 
wave coincide each with each ; for if the tube were somewhat 
longer or shorter than it is, it is plain that condensations would 
meet rarefactions in the tube, and tend to destroy one another. 
The loudness of sound of all wind instruments is due to the 
resonance of the air contained within them. A simple vibra- 
tory movement at the mouth or orifice of the instroment, 
scarcely audible in itself, such as the vibration of a reed in reed 
pipes, or a pulsatory movement of the air produced by the pas- 
sage of a thin sheet of air over a sharp wooden or metallic edge, 
as in organ pipes, flutes, and flageolets, or more simply still 
by the fhction of a gentle stream of breath from the lips sent 
obliquely across the open end of a closed tube, bottle, or pen- 
Fig. 211. case, is sufficient to set the large body of enclosed 
air in the instrument into vibration, and thus reen- 
forced, the sound becomes audible at long distances. 



Bxperiment 2. Attach a rose gas-burner A, Pigare 
211, to a metal gas tube about 1™ in length, and connect 
this by a rubber tube with a gas-burner. Light the gas 
at the rose burner, and you will hear a low rustling 
noise. Remove the conical cap from the long tin tube 
(Fig. 206, page 278), support the tube in a vertical po- 
sition, and gradually raise the burner into the tube; 
when it reaches a certain point not far up, the body of 
air in the tube will catch up the vibrations, and give out 
a deafening sound that will shake the walls and furni- 
ture in the room. 



§ 273. Measuring wave-lengths and veloc- 
ity of sound.— Experiments like that described 
on page 291 enable us readily to measure the wave-length 
produced by a fork that makes a given number of vibrations 
in a second, and also to measure the velocity of sound. It is 
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eyident that if a condensation generated by the prong of the 
fork in its forwpxd movement from a' to a" (Fig. 211) met 
with no obstacle, its front, meantime, would traverse the dis- 
tance od, or twice the distance oc ; hence the length of the con- 
densation is the distance od. But a condensation is only one- 
half of a wave, and the passage of the prong from a' to a" is 
only one-half of a vibration ; consequently the distance od is 
one-half of a wave-length, and the distance oc is one-fourth 
of a wave-length. The measured distance of oc in this case is 
about 33*" ; hence the length of wave produced by a C'-fork 
making 256 vibrations in a second is (33*™ x 4 = ) 1.32". And 
since a wave from this fork travels 1.32" in -^^ of a second, 
it will travel in an entire second (1.32 x 256=) 338". The 
distance oc is modified by temperature. It is also modified by 
the diameter of the tube. For accuracy about two-thirds of the 
diameter should be added to the length of the tube to obtain 
one-fourth of the wave-length. It is evident that the three 
quantities expressed in the formula 

1 ^x. velocity 
wave-length = . .^ ^ — 

number of vibrations 
bear such a relation to one another that if any two are known 
the remaining quantity can be computed. It will further be 
observed that vyUh a given velocity the wave-length varies 
inversely as the number of vibrations, i.e., the greater the num- 
ber of vibrations per second, the shorter the wave-length. 

QUESTIONS. 

1. (a) Which produces greater wave-lengths, a fork making 256 
vibrations in a second, or one making 512 vibrations in the same time? 
(6) How many times? 

2. Disregarding the diameter of the tube, what number of vibrations 
does a fork make in a second, whose resonance tube is 22.26<^ long, 
when the temperature is 16° C. ? 

8. What is the wave-length produced by a fork that makes 384 vibra- 
tions in a second, when the temperature is 16° C? 



S 371 IntorfemioetrfacKiiid-wmTM. — Is it possible for 
two sounds to destroy one soother sad ptxMhice silence ? 

nc-SU. ExpnfBaatl. WbUe tbe fork 

V B (Ftg. 810) is Tlbntlng in the 
i position repreaetited in the figure, 
A ilowlf roll the fort arer iu the 
* flngera, tbrongh s qoarter of a 
reTolntion, until Qte two prongs 
sre in the same boilzontal plane, 
with their edges turned toward 
the opeolng of tbe tube. When 
the fork has accompUshed one- 
eighth of a revolntion, and Is In 
sn obliqne position, as In Flgnre 
212, the reenforcenient trom the 
tnbe entirelj disappears, but re- 
i^ipesrs when the fork completes 
Its quarter of a revolution. Return to the position where there is no 
rexonance, and enclose the prong farthest from the tube, withoat touch- 
ing the fork, In s loose roll of paper, bo aa to prevent the sound- 
waves produced by that prong from passing into the tube; the 
resonance resulting from the vlbratious of the other prong Immediatel; 
appears Id full force. 

Bzpeiiment 2. Curry, while sounding, a tunlng-fOrk mounted on 
B resonance-box (see Fig. 21+), from a distance slowly toward a wall 
of a room ; the sound will become w&vy, rising and sinking at regu- 
lar Intervals. That Is, at certi^ points the condensations and rsre- 
Ibctlons of the waves advancing trom the fork will coincide each to 
each with those of the waves reflected from the wall, and when this Is 
the case the sound la louder. At other points tbe condensations of the 
waves iHsning from the fork occur at the same places where the rare- 
flictloiis of the reflected waves occur; and In this case they nearly 
destroy one another, and a fainter sound is the result. 

Thus It appears that two sounds of the same pitch may unite 
U> form a sound louder or weaker than either atorte, or even 
cause sSence, according to Uieir difference of phase and their rela- 
tive inteneities. When like phases of two sets of sound-waves 
ooluolde, i.e., condensation with condensation, and rarefaction 
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with raref action, the result is, as we might expect, an intensified 
sound. In this case the air-particles are subject to the action 
of two joint forces in the same direction, which tends to quicken 
their motions. On the other hand, when unlike phases of two 
sets of sound-waves coincide, i.e. , the condensations of one set of 
waves with the rarefactions of another, as would happen if one 
set of waves should be half of a wave-length behind the other ; 
the air-particles will be subject to two forces in opposite direc- 
tions ; and the evident result of an equal tendency to the two 
opposing forces is a state of repose. 



Fig. 213. 

ifllMpiliili 
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§ 275. Forced and sympathetic vibrations. — Experi- 
ment 1. Suspend by a string 1" long a stone weighing about 2^. 
Swing the stone, and learn its rate of vibration ; then stop it, and blow 
gentle puffs of breath against the stone in the same periods. The first 
few puffs produce no visible effect; but, persevering, the stone will 
soon move visibly, and after a large number 
of these feeble impulses, the stone will move 
through a wide arc, and will require consid- 
erable force to stop it. 

Experiment 2. Saspend from a frame 
several pendulums. A, B, C, etc. (Fig. 213). 
A and D are each 1™ long, C a little longer, 
and B and E shorter. Set A in vibration, and 
slight Impulses will be communicated through 
the fhime to D and cause it to vibrate. The 
vibration-period of D being the same as that 
of A, all the impulses tend to accumulate mo- 
tion in D, so that it soon vibrates through 
arcs as large as those of A. On the other hand, C, B, and E, having 
different rates of vibration from that of A, will at first acquire a slight 
motion, but soon their vibrations will be in opposition to those of A, 
and then the impulses received firom A will tend to destroy the slight 
motion they had previously acquired. 

Experiment 3. Hang up, a few feet distant from the pendulum of 
Exp. 1, a bullet or shot by a shorter string, and connect the bullet and 
stone by a tight thread. Set the stone swinging, and the bullet must 
vibrate in the same period, although its natural time of vibration is 
shorter. 
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Experiment 4. Press down gently one of the keys of a piano so as 
to raise the damper without making any sound, and then sing londly 
into the instrument the corresponding note. The string correspond- 
ing to this note will be thrown into vibrations that can be heard for 
several seconds after the voice ceases. If another note be sung, this 
string will not respond audibly. 

Raise the dampers from all the strings of the piano by pressing the 
foot on the right-hand pedal, and sing strongly some note into the 
piano. Although all the strings are free to vibrate, only those that 
correspond to the note you sing (i.e., those that are capable of making 
the same number of vibrations per second as are produced by your 
voice), will respond loudly. 

Experiment 5. Take two forks, A and B (Fig. 214), tuned exactly 
in unison, and mounted on resonance-boxes, and place them from three 

to ten meters apart Fasten, 

Fig. 214. , v.t4. ^ 1* 

by a bit of sealmg-wax, a 
thread to a thin piece of glass 
^2inin square (glass used for mi- 
croscopic mountings is the 
best, or a piece of photographic 
tintype plate will answer weU), 
and suspend so as to touch a 
corner of one of the prongs of 
the fork B. Set the fork A in 
vibration by drawing a resined bass-viol bow strongly across the ends 
of its prongs. In about ten seconds stop the vibrations of A with the 
Angers, and you will see and hear the piece of glass rattling against 
the prong of the fork B ; remove the glass, and place the ear near the 
fork B, or better, the open end of the box, and you may hear a distinct 
sound, showing that the fork B has been thrown into a state of vibra- 
tion by the fork A. 

So the pulses that traverse the air between the forks, so 
gentle that only the sensitiye oi^an of the ear can perceive 
them, become great enough to move the rigid steel when their 
blows, dealt at the rate of perhaps 512 in a second, add them- 
selves together. The large number of blows make up for the 
feebleness of each by itself. 

These experiments show that a vibrating body tends to make 
other bodies near it vibrate in its own period. The vibrations 
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thns caused are called forced vibrations. These occur, in Exp. 2, 
with B, C, and E ; in the vibrations of sounding-boards, and 
of the membrane and fluids of the ear (page 315), and in the 
air when transmitting a sound-wave, etc. But as the period of 
the incident waves coincides more and more nearly with the 
period of the second body, the amplitude of the vibrations of 
the latter becomes greater and greater, until finally its vibration 
is uniform, like D (Fig. 213), not irregular, like B, C, and E. 
Such are called sympathetic vibrations^ as in Exps. 4 and 5. 

§ 276L Distinotion between noise and musical sound. 
If the body that strikes the air deals it but a single blow, like the 
discharge of a fire-cracker, the ear receives but a single shock, 
and the result is called a noise. If several shocks are slowly 
received by the ear in succession, the ear distinguishes them 
as so many separate noises. If, however, the body that strikes 
the air is in vibration, and deals it a great number of little blows 
in a second, or if a large number of fire-crackers are discharged 
one after another very rapidly, so that the ear is unable to dis- 
tinguish the individual shocks, the effect produced is that of one 
continuous sound, which may be pleasing to the ear ; and, if so, 
it is called a musical sound. But continuity of sound does not 
necessarily render it musical. The sound produced by a hun- 
dred children beating various articles in a room with clubs 
might not be lacking in continuity, but it would be an intoler- 
able noise. There would be wanting those elements that please 
the ear ; viz., regularity both in periodicity and intensity of the 
shocks which it receives. The distinction between music and 
noise is, generally speaking, a distinction between the agreeable 
and the disagreeable, between regularity and concision. The 
c^iaracteristics of a musical sound are regularity and simplicity. 



XLUI. PITCH OP SOUNDS. 
§ 277. On what pitch depends. — Draw the finger-n^ 
slowly, and then rapidly, acroea the teeth of a comb. The two 
musical boudiIb produced are commonly described as low or 
grave, and high or acute, and the hight of a musical sound is 
called pitch. What is the cause of a difference in higbt or 
pitch of two sounds? 

Experiment. Procnre a circular sheet-Iron or pasteboard disk A, 

Flgnre 215, SCK"* In diameter. From the center of the disk describe a 
circle with a radins of 12™. In the circumfer- 
ence or this circle, with a punch, cnt holes fi"™ 
in diameter, leaving eqnal Intervals of about 2™ 
between the holes. Insert in a rubber tube a 

i piece of glass tube B, of 1™ bore, drawn ont at 
one end so that its orifice is about 4°™ in diame- 
ter. Attach the disk to some rotating apparatus, 
hold the small orifice of the glass tabe-opposite 
ttie holes, and blow steadily through the tube, 
and rotate the disk at first very slowly and then 
with gradually Increasing rapidity. The breath, 
as it makes its exit from the tube, cannot escape 
continuously through the holes, but Is cut up bj 
the passing obstructions Into a series of pu^, 
which at first are heard as so many distinct 
Bonnds; as the speed Increases, the number of 
pufi^ In a second increases, until the ear can no 
longer separate them, when they blend together 
in a deep sound of a definite pitch. 

The peculiarity of this instrament is that it does not produce 
sound by its own vibrations. Every time the air is driven 
through a hole, it produces a pulse of condensation in the air 
beyond; and during the interval between tlie successive dis- 
chai^es, a pulse of rarefaction wiU be caused by the elasticity of 
the air, so that the result is the same, so far as the effect on 
the air medium is concerned, as if a body were vibrating 
in it. As the velocity iacreimes, the pitch constantly risea. 
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until, at the greatest speed conveniently attainable, it becomes 
painfully shrill. Varying the force of the breath affects the 
loudness of the sound, but does not affect its pitch. 

We learned on page 293 that on the number of vibrations in 
a second, called the vihraiion-'frequency^ depends the wave- 
length. So we have discovered the important fact that pitch 
depends upon vibroMon-freqtiency or wave-lengthy i.e., th£ greatei^ 
the number of vibrationa per second, or the shorter the wave- 
length, the higher the pitch, 

QUESTIONS AND EXERCISES. 

1. Why does the same bell always give a sound of the same pitch? 

2. (a) What is the effect of striking a bell with different degrees of 
force? (6) What change in the vibrations is produced? (c) What 
property of sound remains the same? 

8. (a) Strike a key of a piano and hold it down ; what Is the only 
change you observe in the sound produced while it remains audible? 
(&) What is the cause of this change? 

4. Rake the teeth of a comb with a flnger-nail, at first slowly, then 
quickly, and account for the difference in the character of the sounds 
produced. 

6. (a) On what does pitch depend? (5) On what, loudness? 

§ 278. How to find the vibration-firequenoy of a tone. — 
Siren. — The perforated wheel described above is a cheap 
imitation of a portion of an important Instrument called a siren. 
The instrument completed has an attachment called a counter, 
which shows the number of revolutions the wheel makes in a 
given time. 

Suppose that it is required to ascertain the number of vibra- 
tions per second necessary to produce a given pitch. Take 
some instrument that gives the required pitch, e.g., a tuning- 
fork, set it in vibration ; also rotate the siren, causing the pitch 
of its sound gradually to rise until it corresponds with the pitch 
of the fork ; then, sustaining that pitch, set the counter in oper- 
ation, and at the end of a given time read off the number of 
revolutions made by the wheel ; this number, multiplied hy the 
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number of holes in the wheel, gives the number of sound-waves 
produced by the wheel during the given time, and the number 
of vibrations made by the fork in the same time ; and this num- 
ber, divided by the number of seconds employed, gives the 
number of vibrations that must be made in a second by any 
instrument in order to produce a sound of the same pitch. 
With the siren we may even determine the number of vibrations 
made by the wing of a fly which buzzes around our ears. 



Fig. 216. 



§ 279. Musical scale. — Long before any one had attempted 
to find the frequency of vibration of a sounding body, men 
had used a succession of sounds, differing in pitch, that 
formed the so-called mttsicdl scale^ or gamuts and were familiar 
with its intervals. Very different scales have satisfied musi- 
cians of different ages and nations. We can find a scale that 
will nearly or exactly satisfy modern musical ears among 
Europeans and Americans on a well-tuned piano or organ. On 
such a piano, by the siren or otherwise, it is found that the note 

called middle C (C) has, on the best American 
instruments, about 270 double vibrations per 
second ; on German, 264 ; while the French 
legal standard is 261. Physical apparatus is 
usually based on C'= 256 vibrations, 256 being 
a power of 2. Assuming C = 264 vibrations, 
if we extend our measures up and down the 
scale, or get a violinist or singer to perform 
near an instrument that counts the vibrations, 
e.gr., the siren, numbers agreeing very closel3' 
with those given in Figure 216 are obtained ; 
no one's ear is accurate enough to play or sing 
precisely the same on two trials. Since the ear 
is wholly incapable of determining the number 
of vibrations corresponding to a given note, 
but is capable of determining with wondrous 
precision the ratio of the vibration numbers of two notes, it Is 
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dear that all music must depend upon the recognition of such 
ratios. For this reason the numbers in the third column are of 
great importance. The eighth note, above or below a given 
note, counting the given note as one, is called an eighth, — more 
commonly, an octave, — above or below. Thus C is the octave 
above C, and C_i an octave below. In a similar manner D is 
called the second,, and G the Jifthy etc., in the scale in which C 
is the prime or first note. 

PROBLEMS. 

1. Find the vibration number for each note of the scale of which 
C" is the first note. 

2. What is the vibration number of C_i, an octave below C ? 

8. Find the wave-length corresponding to each note of the scale of 
which C is the first, when the temperature of the air is 16° C. ? 

4. Find the length of a resonance tube (disregarding its diameter), 
closed at one end, which will respond to C when the temperature is 
16° C. ? 

§ 280. Limits of the scale and hearingr. — The lowest 
note of a 7^ octave piano makes about 27^, the highest, 4,224 
vibrations per second ; but these extreme notes have little musical 
value, and the lowest notes are only used for their harmonics (see 
page 305) . The range of the human voice lies between 100 and 
1,000 vibrations per second, or a little more than three octaves ; 
an ordinary singer has about the compass of two octaves. 

The ear is capable of hearing vibrations far exceeding in num- 
ber the requirements of masic. It can appreciate sounds arising 
from 32 to 38,000 vibrations^ per second, i.e., a range of about 
eleven octaves, and a corresponding range of wave-length be- 
tween seventy feet and three or four-tenths of an inch. These 
numbers vary, however, considerably with the person. Excep- 
tional ears can hear as many as 50,000 vibrations. Some ears 
can hear a bat's cry, or the creaking of a cricket ; others cannot. 
Singing mice are sometimes placed on exhibition. Of those 
who go to hear them, some can hear nothing, others a little, and 

^ Preyer places the lowest limit for some ears at 16 vibrations per second. 
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others again can hear mach. In the ability to hear sharp 
sounds, no animal is superior to the cat, which finds her prey 
in the dark by its squealing. 

§ 2BL Beats. — Experiment 1. Strike slmnltaneonsly the lowest 
note of a piano and its shaip (black key next above), and listen to the 
resulting sound. 

Experiment 2. Take two forks which make the same number of 
vibrations per second (page 296), load one of the prongs of one fork 
by sticking to it a small ball of wax, and thereby cause it to make a 
few less vibrations per second than the other. Set both forks in vibra- 
tion, and note the result. 

In both cases you will hear a peculiar wavy or throbbing 
sound, caused by an alternate rising and sinking in loudness. 
These alternations in loudness are called beats. 

Fig. 217. 




Let the continuous curve line A C (Fig. 217) represent a series of 
waves proceeding ft-om the prongs of the loaded fork, and the dotted 
line a series of waves proceeding from the other fork. As explained 
on page 811, the elevations of these waves may represent the distance 
the air-particle has been moved in the condensed part of the wave ; 
similarly with the depressions for the rarefied part. Now the waves 
from both forks may start together at A ; but as the waves from the 
loaded fork are given less frequently, so are they correspondingly 
longer and lag behind; and at certain intervals, as at B, condenssr 
tions will correspond with rarefactions, producing by their interference 
momentary silence, too short, however, to be perceived ; but the sound 
as received by the ear is correctly represented in its varying loudness 
by the curved line in the lower part of the figure. This line represents 
the exact resultant of the two alternately concurring and opposing 
forces on the particles of the air between the forks and the ear. 
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If one of the forks makes 256 vibrations, and the other 255 
vibrations in a second, it is apparent that once during the sec- 
ond the condensation of one series of waves will coincide with 
the condensation of the other, producing a sound of maximum 
intensity ; and once during the same time the condensation of 
the one will coincide with the rarefaction of the other, producing 
a dound of minimum intensity ; this will cause just one beat per 
second. If there is a difference of two vibrations per second 
between the two forks, then there will be two beats per second. 

In every case the nurriber of beats per second due to two simple 
tones is equal to the difference of their respective vibrcUion-nuni' 
bers. The sensation produced on the ear by such a throbbing 
sound, when the beats are sufficiently frequent, is unpleasant, 
for the similar reason that the sensation produced by flashes of 
light that enter the eye, when you walk on the shady side of a 
picket fence, is unpleasant. The unpleasant sensation, called 
by musicians discord^ is found to be due to beats (see page 
307). 



XLIV. VIBRATION OF STRINGS. 

§ 282. Sonometer. — Experiment. Take a piece of violin-string 
or piano-wire a little longer than your table. Fasten one end to a 
nail in one end of the table, 
and pass the other end over 
a pulley fastened to the 



Fig. 218. 
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Other end of the table, and 
to this end of the string 
suspend a pail containing 
sand, the two weighing jnst ^ 
a pound. Place under the Fj 
string, near the ends of the 
table, two wedge-shaped 
bridges A and B (Fig. 218). An apparatus thus arranged is called a so- 
nometer. Pluck the string with the fingers near the middle, causing it 
to vibrate, and note the pitch of the sound, and the length of the string 
between the bridges. Move the bridge A toward B ; the pitch rises 
as the ylbrating portion of the string Is shortened. Vary the position 
of A uiitil a pitch is obtained an octave above the pitch given at fir 
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and It will be found that the string Is Jnst one-half its original len^^th ; 
i.e., by halving the string its tfibrc^tion-number is doubled. At two-thirds 
its original length, It gives a note at an interval of a fifth above that 
given by Its original length ; and generally the reciprocals of t?ie fractions 
(page 800), representing the relative vibration-numbers of the several notes 
of a scalSt represent tJie relative lengths of the strings that produce these 
notes. 

Now, increasing the weight in the pall, the pitch rises, till, when the 
tension is four pounds, the pitch has risen an octave. Let the ten- 
sion be the same ; try another string, weighing, for the same length, 
four times as much ; the pitch is an octave lower than that given by 
the lighter string. (These experiments will not give very accurate 
results.) 

These conclusions may be sammarized by saying : The vibra- 
tion-numbers of strings of the same material vary inversely as 
their lengths and square roots of their weights^ and directly as the 
square roots of their tension. 

QUESTIONS AND PROBLEMS. 

1. Why does a violinist finger the strings of the violin when 
playing? 

2. Examine the strings of a piano, and ascertain the dUferent meth- 
ods by which a wide range of pitch is effected. 

8. How does the length of the string that gives the note F compare 
with the length of the C-string below it, other things being equal? 



XLV. OVERTONES AND HARMONICS. 

§ 283. Vibration in parts. — Experiment l. Hang up a rubber 
tube AC (Fig. 219), 3» long, filled with sand, fastening both ends. 
Pluck it near the middle, and it will swing to and fro as a whole (2), at 
a rate dependent on its length, tension, etc. Hold it fast at B (3), and 
pluck it at a point half-way between A and B. Both halves are thrown 
into independent vibrations, and continue so to vibrate for a brief time 
after the hand is withdrawn from B. Again hold it fast at B, one- 
third its length above A (4), and pluck it half-way between A and B ; 
the length BC instantly divides itself at B' into two equal parts, and 
on withdrawing the hand from B, the whole tube is seen to vibrate 
In three distinct and equal sections. In a similar manner It may be 
made to vibrate in four, five, etc., sections. 
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All of the above experiments may be repeated with the same 
resnlta on the string of the sonometer. Bj placing paper riders ' 
along the string, the ventral segments and the nodes can be 
easily discovered, as those placed near the center of the seg- 
ments will be thrown off, Jig.ai9 
while those at the nodes will 
remain comparatively at rest. 

The sounds coming from 
a string or other body that 
vibrates in parts are called 
overtones. It, as is the case 
with a string or a column of 
air in an oi^an pipe (pi^e 
321), the vibration-number 
of the overtone is just two, 
three, fonr, etc., times that 
of the f nndamental or lowest 
tone, the soond is called a 
harmonic. Many overtones 
can be produced from a steel 
bar or a metallic plate, bat 
no harmonics. This distinc- 
tion is of great importance, 

for, practically, no musical instmments are of mnch use unless 
tbelr vibrating parts fumisti harmonics. 

S 284. Complex vibrationB. — ESxperlment l. Strike one of 
the lowest notes of a piano, Iiold the key down, and immediately 
apply the tip of the finger to some point of the wire straclc, and notice 
any changes In tone that may occur after applying the finger. Bepeat 
this at many points along the string. If, after touching the string, the 
nmdamental tone contlnnes. It showa that you have tonched a node, 
and consequently have not stopped the vihratlons by which this tone 
1b produced ; still yon will notice that the sound, though not changed 
In pitch, Is changed somewhat In qaallty (aee page 309). If the fdnda- 
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mental sound disappears, there will most probably be a soimd of a 
higher pitch that will continae, showing that although you have stopped 
one sot of vibrations, there were still other vibrations in the string of 
a higher vibration-period which you did not stop, and which dott be- 
come audible since the louder fundamental is silenced. 

Experiment 2. Press down the C'-key (middle C) gently, so that 
it will not sound; and while holding it down, strike the C-^wire 
strongly. In a few seconds release the key, so that its damper Tvill stop 
the vibrations of the string that was struck, and you will hear a sound 
which you will recognize by its pitch as coming from the C'-wire. 
Place your finger lightly on the C'-wire, and you will find that it is 
indeed vibrating. Press down the right pedal with the foot, so as 
to lift the dampers ft-om all the wires, strike the C-key, and touch 
with the finger the C'-wlre ; it vibrates. Touch the keys next to C, 
viz., B and I)'; they have only a slight forced vibration. Touch G'; 
it vibrates. 

Now it is evident that the vibrations of the C and G'-wires 
{ire sympathetic. But a C-wire vibrating as a whole cannot 
ounse sympathetic vibrations in a C'-wire ; but, if it vibrates in 
halves, it may. Hence, we conclude that when the C-wire was 
struck it vibrated, not onl}' as a whole, giving a sound of its 
own pitch, but also in halves ; and the result of this latter set 
of vibrations was, that an additional sound was produced by 
this wire, just an octave higher than the first-mentioned sound. 

Again, the G'-wire makes 396 vibrations in a second, or 
three times as many (132) as are made by the C-wire ; hence 
the latter wire, in addition to its vibrations as a whole and in 
halves, must have vibrated in thirds, inasmuch as it caused the 
G'-wire to vibrate. It thus appears that a string may vibrate 
at the same time as a whole, in halves, thirds, etc., and the 
result is that a sensation is produced that is compounded of the 
sensations of several sounds of different pitch. 

Not only do stringed instruments produce compound tones, 
but no ordinary musical instrument is capable of producing a 
simple tone, i.e., a sound generated by vibrations of a single 
period. In other words, when any note of any musical instru- 
ment is sounded^ there is produced^ in addition to the primary 
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tone^ a number of other tones in a progressive series^ each tone of 
the series being usuaUy of less intensity thom the preceding. The 
primary or lowest tone of a note is usually sufficiently intense 
to be the most prominent, and hence is called the fundamental 
tone. 

§ 285. Cause of harmony and discord. — The harmonics 
in an3^ note are produced successively by two, three, etc., times 
the number of vibrations made by its fundamental. Hence, 
if any two notes an octave apart, — for instance, C and C, — 
are sounded simultaneously, there will result for 

^? ' ' ' ' ' /,' ^^ *' r times the number of vibrations made 
C, 2, 4, 6, etc., ) 

by the fundamental of C. So that the fundamental of C, and 
each of its overtones (with the exception' of the highest, which 
are too feeble to affect the general result) coincides with one of 
the overtones of C. Not only is there perfect agreement among 
the overtones of two notes an octave apart when sounded to- 
gether, as when male and female voices unite in singing the 
same part of a melody, but the richness and vivacity of the 
sound is much increased thereby. TJiat two notes sounded to- 
gether may harmonize^ it is essential not only that the pitch of 
their fundamental tones be so widely different thai they cannot 
produce audible beats, but that no beats shall be formed by their 
overtones, or by an overtone and a fundamental. 

For example, the vibration-numbers of the fundamentals of C and 
its octave C are respectively 264 and 528, and the number of beats that 
they give is 264 in a second. If, instead of C", a note, the vibration- 
number of whose fundamental is 627, Is sounded with C, the number of 
beats produced by their flindamentals would be 268, and no discord 
would result therefrom (why?); but there would be one beat per second 
between the first overtone of C and the fundamental of C", and this 
would Introduce a discord. 

Observe that the relation between the vibration-numbers of 
the fundamentals of C and C, C and G, C and F, and C, of 
any diatonic scale and any note in the same scale, can b 
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expressed in tenns of small numbers, e.g.^ 1 : 2, 2 : 3, 3 : 4, etc. 
(see p. 300). Generally, those notes and only those harmonize 
lohose fundamental tones bear to one another ratios expressed 
by small numbers; and the smaller the numbers which express 
the ratios of the rales of vibralion, the more perfect is the har- 
mony of two sounds. 

It follows, from what has been said, that only a limited num- 
ber of notes can be sounded with any given note assumed as a 
prime without generating discord. Hence, the musical scale is 
limited to certain determinate degrees, represented by the eight 
notes of the so-called musical or dialonic scale. This scale is 
not the result of any arbitrary or fanciful arrangement, but is 
determined by the possibility of its notes harmonizing with the 
prime of the scale, both as regards their fundamental tones and 
their overtones. 

EXERCISES. 

1. Prepare a table of the series of overtones of C and G respectively, 
as on page 307, and ascertain what overtones of the two series har- 
monize. 

8. Arrange the notes of the diatonic scale in a single octave in the 
order of their rank with reference to their harmonizing with the prime 
of the scale, on the principle that *^the smaller the numbers which 
express the ratio," etc. 

8. Verify your conclusions as follows : Strike the C-key of a piano, 
together with each of the seven white keys above it, consecutively, and 
compare the results of the different pairs with reference to harmony. 
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XLVI. QUALITT OF SOUITD. 

Let the aame note be sounded with tbe same inteosity, suc- 
cessively, on a v&rie^ of mosicaL instruments, e.g., a violin, 
comet, clarinet, accordion, jews-harp, etc. ; each instrument 
will send to your ear the same number of waves, and the waves 
from each will strike the ear with the same force, yet the ear is 
able to distinguish a decided difference between the sounds, — 
a difference that enables us instantly to identify the instruments 
ftom which they come. Sounds from instruments of the same 
kind, but by different makers, usually exhibit decided differences 
of character. For mstance, of two pianos, the sound of one 
will be described as richer and fuller, or more ringing, or more 
"wiry," etc., than the other. No two human voices sound 
exactly alike. That difference in the character of sounds, not 
due to pitch or intensity, that enables us to distinguish one 
from another, is called gualifs. Two sounds may differ from 
one another in loudness, pitch, or quaiUy; they can differ in no 
other respect. 

Htch depends on frequency of vibrations, loudness on their 
amplitude ; on what does qualiti/ depend^ 

S 2861 AnalTSis of Bounds. — The nnaided ear Is unable, ex- 
cept to a very limited extent, to fik ^o 
dlsUngulflb the Indlvldaal tones 
Hiat compose a note. Helmholtz 
arranged a aeries of resonators 
condstlng of bollow spheres of 
brass, eacb having two openings ; 
one (A, Fig. 320) Urge, for the 
receptlonofthesoand-WBves.and | 
the other (B) small and ftmnel- 
ebaped, and adapted for Insertion 
into the ear. Each resonator of 
the series was adapted by Its size 
to resound powerfully to only a 

single tone of a definite pitch. When any musical sound Is produced 
In front of these resonators, the ear, placed at the orifice of any or 
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is able to single out from a collection that overtone, if present, to 
which alone this resonator is capable of responding. It is f onnd tiiat, 
when a note Is produced on a given instrument, not only is there a great 
variety of intensity represented by the overtones, but all the possible 
overtones of the series are by no means present. Which are wanting 
depends very much, in stringed instruments, upon the point of the 
string struck. For example, if a string is struck in its middle, no node 
can be formed at that point ; consequently, the two important overtones 
produced by 2 and 4 times the number of vibrations of the f andamental 
will be wanting. Strings of pianos, violins, etc., are generally stmck 
near one of their ends, and thus they are deprived of only some of their 
higher and feebler overtones. 

§ 287. Synthesis of sounds.— The sound of a toning-fork, 
when its fundamental is reSnf orced by a suitable resonance-cavity, is 
very nearly a simple tone. By sounding simultaneously several forks 
of different but appropriate pitch, and with the requisite relative inten- 
sities, Helmholtz succeeded in reproducing sounds peculiar to various 
musical instruments, and even in imitating most of the vowel sounds 
of the human voice. 

Thus it appears that he has been able to determine, botii 
analytically and synthetically, that the quality of a given aound 
depends upon what overtones oombine with its fundamental^ arid 
on their relative intensities; or, we may say more briefly, upon 
the form of vibration^ since the form must be determined by 
the character of its components. 
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XLVII. COMPOSITION OF SONOBOUS VIBBATIONS, AND THE 

BESULTANT WAVE-FOBMS. 



Method of representinfir sound vibrations graph- 
ically.— It is evident that there must be a particular aerial 
wave-form corresponding to each compound vibration, other- 
wise the ear would not be able to appreciate a difference in 
quality of sounds to which these combination-forms give rise. 
Every particle of air engaged in transmitting a compound sound 
is simultaneously acted upon by several sets of vibratory move- 
ments, and it remains to investigate what its motion will be 
under their joint influence. 



Fig. 221. 




The light wave-lines AB (Fig. 221) represent typically two 
series of aerial sound-waves, corresponding respectively to ^ 
fundamental and its first overtone. The heavy line represents 
the form of the Joint wave which results from the combination 
of the two constituents. If we suppose lines perpendicular to the 
axis, that is, to the dotted line, or line of repose, to be drawn 
to each point in this line, as a5, cd, eF, etc., they will represent 
by their varying lengths the displacement of any particle in a 
vilnrating body, or any partide of air traversed by sound-waves, 
from its normal position. 

The rectangular diagram C D is intended to represent a por^ 
tion of a tranverse section of a body of air traversed by the 
joint wave represented by the heavy wave-line above. The 
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depth of Bbftding in differaDt paita indicates the degree of oon- 
detufttioD at those parts. 

Figure 223 represents wave-lines drawn by an InBtroment called a 
gtbr«i/Taph. The second line repreaeuta a Boond two octaves above 
that which the flrst line represents, and the third line shows the result 
of the combination of the two seta of vlhraUons. 



In an elaborate apparatns called the logograph, a thin membrane of 
gold-beater's akin carries a marker resembling tike point at a stylo- 
graphic pen. When a person sings or talks to this membrane, It traces 
npon paper a graphic representation of the varying eii pressure. That 
is, all the changes in the density of the air, and all the movements of a 
given alr-partlcle during the passage of tlie sonnd-waves, are lUthMly 
depleted In a line traced by the marker on a passing paper; jost as the 
heavy wave-line AB (Fig. S21) may be said to represent the condition 
of the air CD, or of the motion of any particle of It, sapposlng that 
A marker were attached to It and a paper drawn beneath it at right 
angles to the path of its motion. The diagram in FigaTe92S shows the 
result produced by pronouncing the Beat«nc« there given at the rate 
of six syllables In a second. 

§ 289. Manometrio flamea. — Apparatna like that shown 
in Fl^:ure224may be very easily prepared, and will serve to Ulnstrsletn 
a nleaslng manner many facta pertaining to soond. Pracnre a wooden 
pill-box or tooth-pick box A, having a capacity of fiO to 100°™. Across 
the top of the open bos stretcli tightly a circular piece of gold-beater's 
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bUd a, ftnd glue tt At Ite edges BO that It nruty coTer the box Ilka Om 
head of & dram. Crowd oa the coTcr, and the box will have two com- 
partmeDtB, 6 and c. Through the bottom of the box, and through the 
co7er, pass gUas tnbea « and A, opening Into the compartments. Also 
Introduce another tube n through the side of the cover. Connect the 
last tube b; means of a mbber tube with a gas burner. Attach a piece 
of large-sized rubber tabe to the glass tabe e, and Into Qie other ez- 
trenitt7 of the robber tube Introdace the small end of a pasteboaid 
cone B. The tube A pig, jm. 

should be drawn out 
so as to be able to 
give a Hoall flame. 
Place two thin glass 
minors M, about 
11™ square, back to 
back, and secure 
them by light tmaaa 
at the top and bot- 
tom, and In the cen- 
ter of each frame 
Insert small rods C 
andB. 

Ught tiie gas' at 
the eztremitr of A, 
and hold the mirror 
vertically, and at a 
short distance from 
the flame F; an Im- 
age of the Oame will 
appear In the mirror, 
as represented by A 
(Fig. 32G). Route 
the mirror, and the , 

flame i^>pears drawn out In a band of light, as shown In B of the same 
figure. 

Now sing into the cone B (Fig. 234), the sound of oo in tool, and 
waves of ali wlU mn down the tube, beat against the membrane a, ait 
against the dnun-head of the ear (see { 290), causing It to vibrate, and 
the membrane in turn acts upon the gas in the compartment c, throwing 
it Into vibration. The resnlt Is, that instead of a flame appearing In the 
rotating minor as a conttnnoQS band of light. It Is divided up Into a 

■ It IM I* not ■ictnlbU, tb< md of Om tube d my be buwrtod In ■ oudte flune, uw 
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Mries of tongaea of light, m shown In C of FIgnro 3U, eacli condensa- 
tton b«lDg repreMQted bj a tongne, and each rarefltctlon by a dart 
Intsiral between the tongnee. If a note an octave higher than the last 
ie sang, we obt^D,Ss we should expect, twice as monj tongues fn the 



same space, as shown in D. £ represents the resoJt when the two 
tones are prodaced simnltaneonalj, and lllnstrates In a striking manner 
the effect of Interference. (Explain.) F represents the result when 
the rowel e Is sung on the key of C ; and Q, when the vowel a Is snng 
on the same hey. These are called manometrie Jlama. 
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S 29(X The esT. — In Figure 326, A represents the extemsl ear- 
passage; a Is a membrane, called the ij/mpaitum, a little tMcker than 
gold-beater's skin, stretched across the bottom of the passage, and 
thos closing the orifice of a cavity b in the bones of the sknll called the 
drtaa ; c is a chain of small bones stretching across the dram, and con- 
necting the ^mpanum with the thin membranous wall of the matibiUe 
e; // are a series of semicircular canals opening Into the vestlbole; 



jr is the opening Into another canal in the form of a anail-shell g', 
hence called the cochlea (this Is drawn on a reduced scale) j d is a tube 
(the EuBlachlan tvbe) connecting the drum with the throat; and h Is 
the auditory nerve. The vesUbnIe and all the canals opening Into it 
are fllled with a transparent liquid which is mainly water. The drum 
of ttie ear contains air, and the Eustachian tnbe forms a means of 
ingress and egress of air through the throat. 

Now how does the ear bear? and how ia it able to distjngnish 
between the iofinite variety of foim, rapid%, and intenBitv nt 
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aerial soond-wayeB, so as to interpret correctly the correspond- 
ing quality, pitch, and loudness of sound? Sound-waves enter 
the external ear-passage A as ocean-waves enter the bays of the 
sea-coast, are reflected inward, and strike the tympanum. The 
air-partides, beating against this drum-head, impress upon it 
the precise wave-form that is transmitted to it through the air 
from the sounding body. The motion received by the drum- 
head is transmitted by the chain of bones to the membranous 
wall of the vestibule. From the walls of this cavity project 
into its liquid contents thousands of fine elastic threads or 
fibres, which we may, for convenience, call hrisUea. Especially 
in the spiral passage of the cochlea, as it becomes smaller and 
smaller, these vibratile bristles become of gradually diminishing 
length and size (such as the wires of a piano may roughly 
represent) , and are therefore suited to respond sympathetically 
to a great variety of vibration-periods. This arrangement is 
sometimes likened to a harp of three thousand (this being 
about the number of bristles) strings. The auditory nerve at 
its extremity is divided into a large number of filaments, like 
a cord unravelled at its end, and one of these filaments is 
attached to each bristle. Now, as the sound-waves reach 
the membranous wall of the vestibule, they set it, and by 
means of it the liquid contents, into forced vibration, and so 
through the liquid all the fibres receive an impulse. Those 
bristles whose vibration-periods correspond with the periods of 
the constituents forming the compound wave are thrown into 
sympathetic vibration. The bristles stir the nerve filaments, 
and the nerve transmits to the brain the impressions received. 
Just as a piano, when its dampers are raised and a person sings 
into it, may be said to analyze each sound, and show by the 
vibrating strings of how many tones it is composed, as well as 
their respective pitch, and by the amplitude of their vibrations 
their respective intensities ; so it is thought this wonderful harp of 
the ear analyzes every complex sound-wave into a series of simple 
vibrations. Tidings of the disturbances are communicated to the 
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brain, and there, in some mysterious manner, these disturbances 
are interpreted as sound of deftnUe qualUy^ pitchy and intensity, 

§ 291. Phonograph. — Figure 227 represents a vertical se(> 
tion of the Edison phonograph. A metallic cylinder A is rotated by 
means of a crank B in the direction indicated by the arrow. On the sur- 
face of the cylinder is cut a shallow 
spiral groove running around the 
cylinder from end to end, Uke the 
thread of a screw. A small metallic 
I>oint, or style, projecting from the g 
under side of a thin metaUic disk o, 
which closes one orifice of the mouth- 
piece C, stands directly over the 
thread. By a simple device the cyl- 
inder, when the crauk is turned, is 
made to advance just rapidly enough 
to allow the groove to keep constantly 
under the style. The cylinder is cov- 
ered with tinfoU. The space E represents the space (greatly exag- 
gerated) between the tinfoil and the bottom of the gproove. 

Now, when a person directs his voice toward the mouth-piece, the 
aerial waves cause the disk o to participate in every motion made by 
the particles of air as they beat against it, and the motion of the disk 
is communicated by the style to the tinfoil, pro- p. 228 

ducing thereon impressions or indentations as it 
passes on the rotating cylinder. The result is that 
there is left upon the foU an exact representation 
in relief of every movement made by the style. Some of the indenta- 
tions are quite perceptible to the naked eye, whUe others are visible 
only with the aid of a microscope of high power. Figure 228 repre- 
sents a piece of the foU as it would appear inverted after the indenta- 
tions (here greatly exaggerated) have been imprinted upon it. 

The words addressed to the phonograph having been thus impressed 
upon the foil, the mouth-piece and style are temporarily removed, while 
the cylinder is brought back to the position it had when the talking 
began, and then the mouth-piece is replaced. Now, evidently, if the 
crank is turned in the same direction as before, the style, resting upon 
the foU beneath, will be made to play up and down as it passes over 
ridges and sinks into depressions ; this will cause the disk to repro- 
duce the same vibratory movements that caused the ridges and depres- 
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eXoas in the f oiL The yOiratioiis of the disk are communicated to the 
sir» and throngh the air to the ear ; and thns the words spoken to the 
apparatus may be, as it were, shaken ont into the air again at any 
subsequent time, even centuries after, accompanied by the exact 
accents, intonations, and quality of sound of the original. 

§ 292. Btring telephone. —In the phonograph, the metallic disk 
serves, as it were, alternately, as an ear and a tongue. If, instead of 
the same disk being made to 4o double duty, two disks (or, better, two 
membranes of gold-beater's skin or bladder) connected by a thread axe 
used, either one of which may serve as a tongue and the other simul- 
taneously as an ear, conversation may be carried on by means of them 
A Fiff.S29. B l^'^ro^^ ^^^'i^^^^i^^® <l^tances. 

^ ' ^^ Figure 229 represents such an 

OH ^9 arrangement, which constitutes 

the well-known, instructive toy, called the lovei^s telegraphy though It 
is more properly a tel^hone. 

The thread is attached at each extremity to the centers of tiie mem* 
branes which cover one orifice of each of the tin speaking-tubes A and 
B, by passing the thread through the membranes, and tying the knots 
at the ends. A person speaking into one of the tubes throws its 
membrane into vibration ; these impulses are communicated through 
the string to the other membrane, which is thus caused to vibrate in 
unison with the first. If now another person place his ear near the 
latter membrane, he can hear distinctly the words spoken by the first 
person, though a quarter of a mile distant, while other persons star 
tioned midway between these two hear nothing. 

It seems fair to presume, that if the movements of the hand or 
of machinery could be rendered sufficiently delicate to hnitate these 
minute movements of the membrane, talking might be accomplished 
with the hand or machinery ; for talking, after all, U only mechanical 
motion. 

§ 293. Elleotric telephone. — In this telephone the vibrations 
of one disk are reproduced in another through the agency of electricity, 
as explained on page 270. 
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XLIX. BfUSICAL INSTRUMENTS. 

§ 294. Musical instniments may be grouped in three classes : 
(1). Stringed instruments ; (2) wind instruments, in which the 
sound is due to the vibration of columns of air confined in tubes ; 
(3) instruments in which the vibrator is a membrane or plate. 
The first class has received its share of attention ; the other two 
merit a little further consideration. 

§ 295. SoundinfiT air-oolxixnns.— Experiment i. Take four 
glass tubes, A, B, C, and D, respectively 48, 48, 24, and 12^ long, and 
about 2.6"» diameter. Blow gently across one of the ends of each; C 
gives a sound an octave higher than A or B, and D an octave higher 
than C. Close one of the ends of B, C, and D, and repeat the experi- 
ment, and you will find that the notes obtained from these three have 
still the same relation to one another. Blow across one end of A, 
which is open at both ends, and across the open end of B ; A gives 
a note about an octave higher than B. 

These experiments show (1) that the pitch of vibrating air- 
columns, ais well as of strings, varies with the length, and in both 
stopped^ and open pipes the number of vibrations is inversely prO" 
porHonoH to the length of the pipe ^; (2) that an open pipe gives 
a note an octave higher than a closed pipe of the same length. 

Experiment 2. — Blow across the orifice of B as before, gradually 
increasing the force of the current. It will be found that only the 
gentle current will give the full musical fundamental tone of the tube, — 
a little stronger current produces a mere rustUng sound ; but when the 
force of the current reaches a certain limit, an overtone will break 
forth ; and, on increasing still further the power of the current, a still 
higher overtone may be reached. 

Figure 230 represents an open organ-pipe provided with a glass 
window A in one of its sides. A wire hoop B has, stretched over it, a 
membrane, and the whole is suspended by a thread within the pipe. If 
the membrane is placed near the upper end, a buzzing sound proceeds 

1 A ttopped pipe is one which is closed at one end. 

* The diameter has the same inflaenoe here as in the reeonanoe-Jar (p. 208), bat we 
•haU aagleot it. 
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from the membntne when the fondAmental of tlie pipe Is sounded ; and 
nnd placed on Qie membrane will danc« np and down in a lively man. 
ner. On lowering the membrane, the bnizlng eonnd becomes lUnter, 
tUl, at the middle of the tnbe, It ceases entirely, and tiie 
sand becomes qnlet. Lowering tbe membnme still further, 
the Boasd and dancing recommence, and Increase as the 
lower end is ^proacbed. 

It is thnB found, that (3) toA«i the fundamental of 
an open pipe is sounded, its air-adumn divides itsdf 
into tvx> equal v&>rating sections, toith the anti7tode» 
at the extremiliea of the luin, and a node in the 
center. 

If the pipe is stopped, there is a node at the 
stopped end ; if it is open, there is an antinode at tfae 
open end ; and in both cases there is an antinode at 
Qie end where the wind enters, which is always to a 
certain extent open. 

Ftg. mi. - A, B, and 

of Flgore 
231 show 
respectively 
the posittons 
of the nodes 
and anti- 
nodes fbr tfae f nndamen- 
tsl and first and second 
overtones of a closed 
pipe ; and A', B', and C 
show the positions of 
the same In an open pipe 
of the eamelength. The 
distance between the 
dotted lines ehows the 
relative amplitudes of 
the vibrations of the 
alr-parttcles at various 
points along the tnbe. 
Now the distance between a node and its nearest antinode Is a quarter 
of a wavb-^ength. Comparing then A and A', it will be seen that the 
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WftTO-leDgflt of the timdametiUI of the closed pipe nmst be tvice the 
ware-length of the f onduaental of the open pipe ; beace the vibradon- 
period of tbe latter Is half that of the former; consequently the fnnda- 
mental of the open pipe most be an octave higher than that of the 
closed pipe. 

The number of segments into which the leo^ of the air-col- 
umn is divided, in the three cases of the closed tube, are respec- 
tively ^, -|, and j ; heace the corresponding vibration-uumbers 
are as 1 : 3 : 5, etc. Hence, (4) in closed tubes, oidy those over- 
tones wAose vffmUion-numbera correspond to the odd mvUiples of 
the Jjtndataejitai are present. 

The number of segments into which the length of the air-col-^ 
umn is divided, in the three cases of tbe open tube, are respec- 
tively ^, ^, and j ; their vibration-numbers are therefore as 
1:2:3, etc. Hence, (5) in open tvbes, the complele series of 
overtones corresponding to its fundament^ are present. 

Fig. 292. 
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8 296. Sonndins plates. — BxpcorlmMit. Frocnre at a hard- 
ware store a perfectly Oat piece of sheet brass 3™° thick and 30* 
•qnaie. Fastm It at Its center Xa a supporting rod A, Figure SS' 
Seattor an tbe plate some fine sand, and draw a reslned bow stead' 
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md firmly oyer one of Its edges near a corner; and at the same time 
touch the middle of one of Its edges with the tip of the linger ; a mnsi- 
cal sound will be prodnced, and the sand will dance np and down, and 
qnickly collect in two rows, extending across the plate at rig^ht angles 
to one another. Draw the bow across the middle of an edge, and tonch 
with a finger one of Its comers, and the sand will arrange itself In two 
diagonal rows (2) across the plate, and the pitch of the note will be a 
llfth higher. Touch, with the nails of the thumb and forefinger, two 
points a and b (3) on one edge, and draw the bow across the middle c 
of the opposite edge, and yon wiU obtain additional rows and a shriller 
note. 

By varying the position of the points touched and bowed, a 
great variety of patterns can be obtained, some of them exceed- 
ingly complicated and beautiful. It will be seen that the ettect 
t)f touching the plate with a finger is to prevent vibration at that 
point, and consequently a node is there produced. The whole 
plate then divides itself up into segments with nodal division 
lines in conformity with the node just formed. The sand rolls 
away from those parts which are alternately thrown into crests 
and troughs, to the parts that are at rest. 

§ 297. Interference. — Experiment. Provide a tin tube C, 
Figure 282, 1"^ long and 5«™ in diameter, made in two parts so as to 
telescope one within the other. The extremity of one of the parts 
terminates in two slightiy smaller branches. Bow the plate, as in the 
first experiment (1), place the two orifices of the branches over the 
segments marked with the + signs, and regulate the length of the tube 
so as to reSnforce the note given by the plate, and set the plate in 
vibration. Now turn the tube around, so that one orifice may be over 
a + segment, and the other over a —segment; the sound due to reso- 
nance entirely ceases. It thus appears that the two segments marked 
+ pass through the same phases together; likewise the phases of 
—segments correspond with one another; I'.e., when one + segment is 
bent upward, the other is bent upward, and at the same time the two 
—segments are bent downward ; for, when the two orifices of the tube 
are placed over two + segments or two —segments, two condensa- 
tions followed by two rarefactions pass up these braaehes and -unite 
at their Junction to produce a loud sound ; but when one .of the orlfieea^ 
is over a +segment and the other over a — segmei|t,..a condensation 
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passefi up one ^r&ncli at the same time tliat a rarefaction pssaea np tli« 
other, and the two destroy one another when they come together; i.e., 
the two SDand-w&ves combine to piodace silence. 

§ 29& Bella, — A bell or goblet is subject to the Bune laws 
of vibratdoQ as a plate. 

Experiment. — Nearly fill a goblet with wat«r, atrew upon the sur- 
face Ijcopodiam powder, and draw a reelned bow gently across the edge 
of the glass. The surface of the water will become rippled with wave- 
lets radiating from fonr points 90° apart, corresponding to the cen- 
ters of fonr Tentral segments Into which the bell Is divided, and the 
powder will collect in lines proceeding from the nodal points of the 
bell. By touching the proper points of a bell or gloss with a flnger- 
nidl, It may be made to divide itself, U^e a plat«, into 6, 8, 10, et«., 
[always an even number) vlhratlng parts. 

§ 299; Vooal orerans. — It is difficult to say whicb is more 
to be admired, — the wonderful capabilities of the human voice 
or the extreme simplicity of the means by which it is prodnced. 
The organ of the voice is a reed instrument situated at the top 
of the windpipe or trachea. A pair of s\g. zsa. 

elastic bands aa, Figure 233, called the 
vocal cAords, is stretched across the top 
of the windpipe. The air-passage 6, 
between these chords, is open while a 
person is breathing ; but when he speaks 
or sings they are brought together so 
as to form a narrow, slit-like opening, 
thus fonning a sort of double reed, 
which is made to vibrate, when air is 
forced from the lungs through the nar- 
row passage, somewhat like the little 

tongue of a toy trumpet. The sounds are grave or high accord- 
ing to the tension of the chords, which is regulated by muscu- 
lar action. The cavities of the mouth and the nasal passages 
fbrm a compound resonance-tube. This tube adapt? itself, by 
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itB Tvying widfli and length, to the pitch of the note prodaced 
by the vocal chords. Place a finger on the protaberanoe of 
the throat called the Adam's apple, and sing a low note ; then 
sing a high note, and jou will observe that the protuberance rises 
in the latter case, thos shortening the distance between the Tocal 
chords and the lips. Set a tuning-fork in vibration, open the 
mouth as if about to sing the corresponding note, place the 
fork in front of it, and the cavity of the mouth will resound to 
the note of the fork, but will cease to do so when the mouth 
adapts itself to the production of some other note. The differ- 
ent qualities of the different vowel sounds are produced by the 
varying form of the resonating mouth-cavity, the pitch of the 
fundamentals given by the vocal chords remaining the same. 
This constitutes artictdatian* 



CHAPTER VI. 

BADIANT BNBBOT.-LiaHT. 

L. INTRODUCTION. 

§ 300l Iiiffht a form of ODerer. — Exposed to th« aun, the 
skill is w&rmed, and thus tiie sense of touch is affected ; it is 
iUaminated, and thereby the sense of sight is affected; it is 
tanoed, and thereby its chemical condition is changed. It is evi- 
dent tliat we receive something which must come to us fiom the 
sun. To the sense of touch it appears to be heat ; to the eye 
it is light ; to certain substances it is a power to produce chemi- 
cal changes. But what is it that we receive ^ ^^ 
from the aunf 

Experiment. — Blackea one-htlf of one side of a 
slip of glaaa with candle-smoke. Witb a convex 
lens, sometimes called a " bummg-glass," converge 
the sun's light upon tlie blackened portion bo as to 
prodnce a sntall Inmlnons spot on the black sorfiice. 
This spot qnlckly becomes very hot, but the lena 
meantime remains comparatively cold. Move the 
lominonB spot to the nnblackened portion of the 
glass. The spot becomes only slightly heated. 
Place a piece of p^wr behind and In contact with 
the glass, and It quickly boms. 

Whether we receive heat ftom the sun or 
not, it is evident that we receive something 
that can be converted into heat. 

Figure 284 represents an instrument called 
a radiometer. The moving put is a small vane resting on the 
point of a neodle. It is so nicely poised on this pivot that it 
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rotates with the greatest flreedom. To the extremities of each 
of the four arms of the vane are attached disks of alnininmn 
whidi are white on one side and black on the other. The whole 
is enclosed in a glass bulb from which the air is exhausted till 
less than ^p^nr o^ ^® original quantity is left. If the instrument 
is exposed to the sun's light, or even to the light of a candle, 
the wheel wUl rotate with the unblackened faces in advance. 

In just what manner it is caused to rotate does not concern 
us ; but the fact that it does rotate, and that it is caused to 
rotate directly or indirectly by something that comes from the 
sun or the candle, is pertinent to the question before us. When- 
ever a body is caused to move or increase its rate of motion, 
energy must be imparted to it ; hence energy must be imparted 
to the radiometer-vane by the sun or candle. 

Bell, the inventor of the telephone, has succeeded in produc- 
ing musical sounds by the action of sun-light and other intense 
lights. But sound always originates in motion, and motion 
springs only from some form of enei^y. So^ then^ thxU which we 
receive from the aun, whether U affects the sense of touch and is 
called heat^ or the eye and is caUed lights or produces chemical 
cJianges and is caUed diemism^ is in reality some form of energy, 

§ 301. Ether the medium of motion. — If light is motion, 
what moves ? Our atmosphere is but a thin investment of the 
earth, while the great space that separates us from the sun con- 
tains no air or other known substance. But empty space can 
neither receive nor communicaie motion. It is assumed — it is 
necessary to assume — that there is some medium filling the 
interplanetary space, in fact, filling all otherwise unoccupied 
space (i.e., where matter is not, ether is), by which motion 
can be communicated from one point in the otherwise empty 
space to another. This medium has received the name of ether. 
Ether is supposed to penetrate even among the molecules of 
liquid and solid matter, and thus surrounds every molecule of 
matter in the universe, as the atmosphere surrounds the earth. 
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No vacuum of this medium can be obtained ; an attempt to 
pump it out of a space would be like trying to pump water 
with a sieve for a piston. We cannot see, hear, feel, taste, 
smell, weigh, nor measure it. What evidence, then, have we 
that it exists ? You believe that a horse can see ; you have no 
absolute knowledge of the fact. But you reason thus : he be- 
haves as if he could see ; in other words, you are able to ax^count 
for his actions on the hypothesis that he can see, and on no 
other. Phenomena occur just as they would occur if all space 
were filled with an ethereal medium capable of transmitting 
motion, and we can account for these phenomena on no other 
hypothesis ; hence our belief in the existence of the medium. 

The transmission of energy through the medium of ether is 
called radiation; energy so transmitted is called radiant energy^ 
and the body emitting energy in this manner is called a radiator, 
Sound is another form of radiant energy transmitted through 
solid, liquid, or gaseous media. 

§ 302. Undnlatory theory of light. — Is motion commu- 
nicated by a transfer of a medium or by a transfer of vibrations, 
t.«., by undulations ? All evidence points to one conclusion: 
that we receive energy from the sun in the form of vibrations or 
wave-action ; that these vibrations, inaudible to our ears, cause 
through the eye the sensation of sight, and through the hand the 
sensation of warmth. This is known as the undulatory theory of 
light. To learn what the special evidences of the correctness 
of tills theory are, the pupil must wait for further development 
of our subject ; but it should be borne in mind that the strongest 
proof of the correctness of any theory is its eocdusive competenJbe 
to explain phenomena. Light is vibration that may be appre- 
ciated by the organ of sight. 

S 303. Light itself invisible. — Darken a room, and ad- 
mit a sunbeam through a small nail- or key-hole. You can 
tiaoe its path through the room only by particles of dust float- 
ing in the room. But if the air in a certain space is cleansed of 
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dart, tiie path of « sonbeun throng this apace will be totally 
daA. If the eye is placed in ita path, or any object apoc which 
it may strike, you become aware of its presence, not by seeing 
the %ht, bat by seeing the object which sends you the light. 

S 301. Light travels in atroiffht lines. — The patii of tiie 
light adnutted into a darkened room through a small apertnre, 
as indicated by the illumioated dust, 
is perfectly stnuglit. An object it 
seen by meant of light U aenda to the 
eye. Asmallobjcctplacedinastraight 
line between the eye and a luminous 
point may intercept the light in that 
patli, and the point become invisible. 
Hence, we cannot see around a cor- 
ner, or through a tube bent so that a 
straight strii^ cannot be drawn through 
its bore. 

§ 305. Bay, beam, pencil. — Any 
line RB, Figure 235, which pierces the 
surface of a wave of light oA perpen- 
dicularly is called a ray of light. It 
is an expression for the direction in 
which motion is propi^ated, and along 
which the successive effecte of light occur. If the wave-surface 
a'b' is a plane, the rays B'B' are parallel, and a collection of 
such rays is called a beam of light. If the wave-surface a"b" 
is spherical or concave, the rays B" B" have a common point at 
the center of curvature, and a cc^ection of such rays is called 
a pencil of light. 

% 306. Transparent, tranBlnoent, and opaque bodies. — 
Bodies are transpar&nt, translwxtU, or opaque, according to the 
manner in which they act upon the luminiferoos waves which 
pass through them. Generally speaking, those objects are 
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(rotuparemt that allow other objects to be seen tlirough them 
distinctly ; e.g., air, glass, and vater. Those objects are trama- 
Iwxnt that allow light to pass, but in such a scattered conditioD 
that objects are not seen distinctly through them; e.g., io^, 
ground glass, and oiled paper. Those objects are opaqm that 
apparency cut off all the light and prevent objects from being 
seen through them. 

§307. LuininouB and iUuminated objects. — Somebodies 
are seen by means of light, which they generate and emit ; e.g., 
the sun, a candle flame, and a "live coal"; they are called 
Ivminout bodies. Other bodies are seen only by means of light 
which they receive fivm luminous ones, and when thus rendered 
visible, are said to be iUuminated; e.g., the moon, a man, a 
cloud, anda "dead" coal. 

S 30& Bvery point of a luminous bod? an independent 
sotiroe of llsht. — Place a caudle flame in the center of a 
darkened room; every wall and 
every point of each wall becomes 
illuminated. Place your eye in 
any part of the room, i.e., in any 
direction from the flame ; it is able 
to see not only the flame, but 
every point of the flame ; hence 
every point of the flame must emit 
light m every direction. Every 
point of a luminous body is an in- 
dependent source of light and emita 
light in every direction. Such a 

point is called a luminous point. In Figure 2S6 there are 
represented a few of the infinite number of pencils of light 
emitted by three luminous points of a caudle flame. Every point 
of an illuminated object a& receives light from every luminous 
point. 
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i 3081 ImaffOB fonaed throoffh small apertaree. — Ex- 
periment. — Cat a hole aboat 8^ Bqiiare in one aide of a box ; cotct 
the hole with tin-foU, uid prick & hole In the foil with a pin. Place the 
box In a darkened room, and a candle flame in the box near to th« pin- 
hole. Hold an oiled-paper screen before the hole In the foil; an 
Inverted image of the candle flame will appear upon the tnutslocent 
p^MT. An imaf« is a kind of picture of an object. 

If light from objecta illuminated by the soil — e.g., trees, 

bouses, clouds, or even an entire landBcape — is allowed to pass 

tbrongb a Bmall aperture in a window abutter and strike a 

white screen, or a white wall in a dark nwm, lays carrying with 

them the color of the poiats from which they issue will imprint 

their own color on the screen, and inverted images of the objects 

in their true colors will appear upon it. The cause of these plie- 

nomena is easily understood. 

When no screen intervenes 

between ttie candle and tb.e 

screen A, Figure 237, every 

point of tbe screen receives 

light from every point of 

the candle ; consequently, on 

every point on A, images of 

the infinite number of points 

of the caudle are formed. 

The result of the couAision of images is equivalent to no imi^. 

But let the screen B, containing a small hole, be interposed ; tiiten, 

since light travels only in straight lines, the point Y' can only 

receive an image of the point T, the point Z' only of the point 

Z, and so for intermediate points ; hence a distinct image of the 

object must be formed on the screen A. That an image may be 

distiru^, the rays from different points of the olg'ect must not mix 

on the image, but all rays from each point on the ot^ect must 

he carried to Us oioti point on the image. 
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QUESTIONS. 

1. Why are images, fonned through apertures, Inyerted? 

8. Why is the size of the image dependent on the distance of th« 
screen from the aperture? 

8. Obtain the dimensions, respectiyely, of an object and its image, 
and their respective distances from the intervening screen, and ascer- 
tain the law that determines in all cases the size of an image. 

4. Why does an image become dimmer as it becomes larger? 

6. Why do we not imprint an image of our person on every object 
in front of which we stand? 

6. Can rays of light cross one another without interfering? 

7. What fact does a gunner recognize in taking sight? 

§ 310. Shadows. — Bxperiment 1. Procure two pieces of tin 
or card-board, one 16«™ square, the other 3<™ square. Place the first 
between a white wall and a candle flame in a darkened room. The 
opaque tin intercepts the light that strikes it, and thereby excludes 
light from a space behind it. 

This space is called a shadow. That portion of the surfEU^e 
of the wall that is darkened is a section of the shadow^ and 
represents the form of a section of the body that intercepts the 
light. A section of a shadow is frequently for convenience 
called a shadow. Notice that the shadow is made up of two 
distinct parts, — a dark center bordered on all sides by a much 
lighter fringe. The dark center is called the unibra^ and the 
lighter envelope is called the penumbra. 

Bxpeiiment 2. Carry the tin nearer the wall, and notice that the 
penumbra gradually disappears and the outline of the umbra becomes 
more distinct. Employ two candle flames, a little distance apart, and 
notice that two shadows are produced. Move the tin toward the wall, 
and the two shadows approach one another, then touch, and finally over- 
lap. Notice that where they overlap the shadow is deepest. This part 
gets no light from either flame and is the umbra ; while the remaining 
portion gets light from one or the other and Is the penumbra. 

Just so the umbra of every shadow is the part that gets no 
light from a luminotis body^ while the penumbra is the part 
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that geU Ugbt fmm torn* portion of the boeb/, but not fiom 
thevshoU. 

Experiment S. Bepeat tbe above experlmenta, employins Uie 
■mailer plec« of tin, and note all dlffierencea In phenomena thst occur. 
Bold a hair in the Bonllgtit, aboat a 
"■■ **■■ centimeter In front of a Oj-le&f of tMs 

I book, and observe the shadow cast by 
I tbe hair. Then gradnally Increase the 
I distance between the hair and the leaf, 
and note tbe change of phenomena. If 
the aonrce of light were a single lominons point, as A, Figure 238, tlie 
aliadow of an opaqne bodj B would be of infinite length, and would con- 
flifrt onl; of an ambra- Bat, if tbe soorce of light has a sensible sixe, 
the opaqne body will intercept Jnst as many separate pencils of light aa 
there are Inmlnoos points, and consequently will cast an equal nmiiber 
of Independent shadows. 



Let A B, Figure 339, represent a lumluons body, and CD an opaqne 
body. The pencil from the luminous point A will be intercepted be- 
tween the lines C F and D G, and the pencU from B will be intercepted 
between the lines CB and B F. Hence, the light will be wholly ex- 
cluded only from the space between the Unea CF and DF, which 
enclose the umbra. The enveloping penumbra, a section of which is 
Included between the lines CB and CF, and between DF and DO, 
receives light from certain points of the lominons body, bnt not from all. 
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QUESTIONS. 

1. Explain the mnbra and penumbra cast by the opaque body HI, 
Figure 239. 

S. Wben will a transverse section of an nmbm of aa opaque body be 
larger than the object Itself 7 

5. When has an wnbra a limited length? 

4. WliatlstheBb^>eoftbeninbracastbythesphereCD,Figiire239? 

(. If C D should become the Inmlnone body, and A B a nou-lnnitnous 
opaqoe body, what changes woold occnr In the mnbra and the shadow 
cast? 

6. Why is it dilScnlt to determine the exact point where the nmbra 
of a dmrch-Bt«epIe terminates on the gronnd? 

7. What Is tbe slu^ie of a section of a shadow cast by a circular disk 
placed obliquely between a Imnlnoos body and a screen? What la its 
Bhape when the disk la placed edgewise? 

1. The section of the earth's ombra on the moon In an eclipse always 
has a drcolar outline. What does this show respecting the shape of 
the earth? 

LI. PHOTOMETRY. 

g 311 Law of inverse squares. — Expertment l. Arrange 
apparatns aa follows ; Lay a silver half-dollar on the center of a circu- 
lar piece of stitr, white, nnglazed paper of IG*^' diameter, and rub the 
entire surface, except the portion covered by the coin, with a sperm or 
a tallow candle. Hold the paper In a warm oven for a minute. When 
the paper is placed between two lights In a darkened room, the un- 
greased spot will appear light on a darb background on the side which 
receives the more light, and 

dark on a light background B' ■ 

on the side which receives I 
less light ; but the spot be- I 
comes nearly invisible I 
when both ddes are equal- I 
]y lllnminated. Draw a I 
straight chalk line across I 
a table, and place at right 

angles to this line a row of four lighted candles, and on the same 
line, at a distance, a single lighted candle. Half-way between this 
candle and the row of candles place the prepared paper, as in Figure 
240. It is evident that one side of the paper receives four times the 



BaU III. 




386 



maz. 



Si 



Tip 
-D ess: 









-L 



"'^^ter of each of 
* -^n a side ; would a 
-> lisrht than a single 

..)ora receive as 

♦' a wall of the 

•1 why the differ- 

"ue flame, the area 

v.i slant from the 

L lien the light 

■ *! surface of 



. j'licable? 
w.y by a candle 
* on the other 
•stances from 




-= 111*, sm^ , i-hole in a 

ffl* *iinir - , ^.jcm distant, 



I. •Ho*' ^fc. , .v>ns of the 



j:e formed 

is deter- 

_>•. Rays 



884 EABIAKT lEKEBOY. — LIGHT. 

light that the other does. Moye the tow of lights slowly away from 
the i>aper, or move the single light toward the paper, and a point will 
be found in either case where the spot will nearly disappear. When 
this occurs it will be found that the row of lights is t¥^ce as fiir from 
the paper as the single light. The paper now receives the same amount 
of light from the single light as from the four lights. 

ThuB, by doubling the distance, the intensity of illumination 
is diminished four-fold. In a similar manner it may be shown 
that at three times the distance it takes nine lights to be equiv- 
alent to one light. Hence, the intensity of light diminishes as 
the sqtiare of the distance increases. This is called the law of 
inverse squares. 

Experiment 2. Introduce the paper disk, as above, between a 
candle light and a kerosene light or a gas flame, and so regulate tlie 
distance that the central spot will disappear, and calculate the relative 
intensities of the two lights in accordance with the law of inverse 
squares. 

Apparatus arranged for this purpose is called a photometer, 
"The candle power ^ which is the unit of light generally em- 
ployed in photometry, is the amount of light given by a sperm 
candle weighing one-sixth of a pound, and burning one hundred 
and twenty grains an hour." The relative brightness of the com- 
mon sources of light are approximately as follows ^ : — 

SunUght at the sun's surface 190,000 candle power. 

Most powerful electric arc 55,900 ** «* 

Most powerful calcium light 1,800 <* «' 

Light of ordinary gas-burner 12 to 16 '< « 

Standard candle 1 ** «« 

" The total quantity of light emitted by the sun is equivalent 
to the light of 6,300,000,000,000,000,000,000,000,000 (six thou- 
sand three hundred billions of billions) candles.'' Of this enor- 
mous quantity of light the earth intercepts an extremely small 
fraction. 

^ C. A. Young. 
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QUESTIONS. 

1. Suppose that a lighted candle 1b placed In the center of each of 
three cnbica] rooma respectlTely 10, SO, and 30 feet on a side ; would a 
tingle wall of the Brst room receive more or leas light than a single 
wall of either of the other loomsf 

1. Would one square foot of a wall of the third room recelre as 
much tight as would be received b; one square foot of a wall of the 
first room? If not, what dlflbience would there be, and why tlie diflfer- 
eace? 

S. If a board 10™ square Is placed 26™ from a candle flame, the area 
of the shadow of the board cast on a screen T5™> distant troia the 
candle will be how manj times the area of the board? Then the light 
Intercepted bj the board wlU illuminate how mnch of the surface of 
the screen if the board Is withdrawn? 

4. Give a reason for the law of Inverse Squares. 

t. To what besides light has thia law been fonnd applicable? 

8. The two Bides of a paper disk are iUnminated eqnallj by a candle 
flame 50™ distant on one side and a gas flame 200™< distant on the ottkei 
side; compare the tntensitles of the two lights at equal distances from 
their Boorces. 

Flg.2U. 



LU. VISUAL ANGLE, ETC. 

§ 312. Tisual angle. — Experiment. Prick a pin-hole in s 
card, place an eye near the hole, and look at a pin abont 20™ distant. 
Then brlngthe pin slowly toward the eye, and the dlmensionB of the 
pin will appear to Increase as the distance diminishes. 

Why ia ttiis ? We see an object by means of its image formed 
on the retina of the eye, and its apparent mi^nitade is deter- 
mined by the extent of the retina covered by its image. Bays 
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proceeding from opposite extremities of an object, as AB, Fig- 
ure 241, meet and cross one another in the window of the eye, 
usoally called the pupU. Now, as the distance between the 
points of the blades of a pair of scissors depends upon the 
angle that the handles form with one another, so the size of the 
image formed on the retina depends upon the size of the angle, 
called the v%9ual angle^ formed by these rajs as thej enter the 
eye. Bat the size of the visual angle diminishes as the distance 
of the object fh)m the eye increases, as shown in the diagram; 
e.g,^ at twice the distance the angle is one-half as great, at 
three times the distance the angle is one-third as great, and so 
on. Hence, tJie apparent size of an object diminishes as its cUs- 
tancefrom the eye increases. 



QUESTIONS. 

1. Why do the rails of a railroad track appear to converge as their 
distance from the observer increases? 

S. Why, in looking through a long hall or tunnel, do the floor and 
the ceiling appear to approach one another? , 

8. Why do parallel lines, retreating from the eye, appear to converge? 

4. Why can a book, held in front of the face, entirely conceal from 
view a house? 



§ 313. Methods of estimatingr size. — Let a man stand beside 
a boy of half his hight, and to an observer, twenty feet distant, the for- 
mer will subtend a visual angle twice as great as the latter, and will 
appear twice as tall. Then, let the man move back twenty feet farther 
from the observer, and he and the boy will then subtend equal angles, 
but they will not appear to be of equal hight, nor will the man's hight 
appear diminished In a very perceptible degree. The sun and the moon 
are about 4,000 miles nearer to us when they are in the zenith than when 
near the horizon, but in the latter case they appear much larger. 
It makes a great difference in the variation of the apparent size of a 
pin, as it moved to and from the eye, whether it is seen through a 
pin-hole in a card or whether the card is removed ; and, again, whether 
it is seen with one eye or both eyes. The fact is, that in estimating 
the size of objects, our judgment is influenced by many other things 
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besideis the ylsoal angles which they subtend. Our knowledge of the 
real size of an object, also of the fact that the tendency of an increase 
in distance is to diminish the apparent size of a body, and that an ob- 
ject does not become shorter as it moves away from us, does much 
toward correcting an estimate based on the size of the visual angle. 
Our estimate of the size of objects whose size is unknown is influ- 
enced much by comparison with objects in their vicinity whose size 
is known, as in the case of the sun and the moon when they are in 
range with other objects in the horizon, and in the case of the pin, 
whether it is seen alone through a hole or in conjunction with other 
objects. Again, when we look at an object with both eyes we are 
obliged to turn the eyes inward or outward, according as an object 
approaches or recedes, in order that light from the object may continue 
to enter the eye. The eflbrt necessary to adapt the position of the eyes, 
so as to see objects at different distances, helps in forming a correct 
estimate of their size. Hence, the pin seen by both eyes does not 
appear to undergo so great a change in size, as it moves to and from 
the observer, as when seen by one eye. We are not at the time con- 
scious of going through the processes of reasoning indicated above, 
because it has become a matter of habit with us. If a man bom blind 
suddenly acquires the power of seeing, he at first makes ludicrous 
mistakes in Judging of size and distance of objects, because he has not 
acquired these methods of reasoning. An infant will reach out its 
hands to seize a bird that may be flying many yards above. 

§ 314. Velocity of Ligrlit. — We must believe that light- 
waves require time to traverse space, although their speed is 
so great that no ordinary means can measure the time, it is 
so short. But the distances of the heavenly bodies are so great 
that the time that their light requires to reach us may be easily 
measured. 

To illuslxate one method, let J, in Figure 242, represent a clock 
striking a single stroke every hour, and the circle E E' a road around 
which a person W travels ; the length of the Straight line E E' is four 
miles. So long as W remains at E, the strokes come exactly once an 
hour by his watch ; but, as he moves away, the intervals become slightly 
longer, so that, however long he is on the road, if the watch and clock 
run accurately, when he has reached E' the sound of the bell reaches 
him about twenty seconds after the hour. As he continues back to E, 
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tii« Bomtds eoDM mora ukd mon ataxlj on Ume, lo tlikt at B tbej ut 

}Dat mt the proper time. Slmllaiir, at regalar Intervila la the he&iem 
u) eclipse of ok 
of Jupiter's mooui 
takes place ; Uk 
arerage Inteml 
being known, lAi 
it to the time tt 
which aa eclipse 
is obseired wbei 
the earth la near 
BiSndthnswemif 
predict the timei 
of an eclipse for 
Teats ahead, ill 
the eclipses, «i- 
cept when 1^ 
earth Is at E, ue 
observed to be » 
Uttle behind Ite 
predicted times; &t 
£' as much *a l^i 
t E' tbe Ught haa had to travel 1M,000,000 mSes 

farther to reach the e;e than at E. 
Hence, light must travel at the rate of 18i,000,000-»- (16i'x 60) 

= abont 186,000 miles (about 300,000^) in a second. 

Sound creeps along at the comparatively slow pace of aboul 
one-fifth of a mile (or i^) per second. The former is tie ve- 
locity with which waves in ether are transmitted ; the latter, the 
velocity with which waves in air move forward. This great 
difference can be accounted for only on the suppositiou tiiat liu 
rarity and elasticity of ether are enormoualy greater than that of 
air (see pt^ 281). 
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Lm. BBFI£CnON OF UOHT. 

§ 315i Law of refleotion.— Arrange ^tpuatiu u follows: 
AB, Figure 24S, 1b s board 12^ square, haTing a mirror e™> square 
fastened to one of its sidea. B Is a rod 24™ long inserted In the board 
close to the middle of one of the edges of the mirror, and perpendicu- 
lar to the sarbce of the board. D F is an arc of pasteboard supported 
by the rod. The onter edge of the arc Is described by a radius equal 
to the length of the rod, and U divided Into degrees. Cover the open- 
ing orlflce of the tabe C of the parte lumiSre ' with a circnlar tin pierced 
in Its center by a circular hole m, 7™° In diameter, and admit a slender 
beam of sonlight fne. 

Elzperiment. Place the mirror so that the beam of light may strike 
it obliquely, and Just graze the arc so as to Illuminate It at one point. 
A beam of light as It approaches on object Is termed an incident beam. 
The beam, onable to pass through the opaqne silvered surface of tbe 
mirror, Is reflected by this surface obliquely, but on the opposite side 
of the perpendicular oe. A beam of light after reflection is termed a 
riylected beam. The spot of light ^^ 

on the are prodaced by the re- 
flected beam will be found to be 
the same number of degrees dis- 
tant from the perpendlcnlaras the 
spot prodaced by the incident 
beam. Hence, theangleneo, called 
the angle of refieetion, is equal U> 
the angle meo, called the angle of 
inetdenee. Incline the mirror so 
that the incident beam may strike 
the mirror more or less obliquely, 
and the reflected beam will leave 
it always at an equal angle. Ren- 
der the path of the Incident and 
reflected beam luminous by introducing a cloud of smoke from touch 

< BoDM mvuii of IstndiiBliiB i. beam of mullet Into ■ dirksDed room iM tDdl(p«onble 
(s eiparinHDUiw with light. Ths ■iparlmsoti on thl> lahjed will ha gtrm en Uw tappo- 
flUoi thU tb« pnpU 1* pnvldod with msm* ol ncoompUihliis thli. Dlreclloni for con. 
ftmeUng ipptntu niiMd lo lh>i pnipOH, naomUy odled it jwrM lumiirt, 01*7 be fcnnd 
In MiiTer uh] Bunud'i UCtle book on " Ught," pnblkhed bj D. ApplMon Ic Co., H«v 
Talk, and In Dolbeu'i ■• Art of PiolecUon," pDblUhad b; Ln k Shepherd, BiMton. A 
deastpOon of «n brnpenilTe Bppantoa devlwd by Ibe kuUwr 11W7 b« found In Sootiini H 
DflbgAppmUi. 
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paper, and the angles formed with the perpendicalar will be quite 
apparent. Lights as well as sounds conforms to the general law of reflec- 
tion. (See page 118.) 

§ 316. Difhised light. — Experiment l. Introduce a small beam 
of light into a darkened room, by means of a porte lumQre, and place 
in its (ath a mirror. The light is reflected in a definite direction. If 
the eye is placed so as to receive the .reflected Ught, it will see, not the 
mirror, but the image of the sun, and the light will be painftdly intense. 
Substitute for the mirror a piece of unglazed paper. The light is 
not reflected by the paper in any definite direction, but is scattered in 
every direction, illuminating objects in the vicinity and rendering them 
visible. Looking at the paper, you see, not an image of the sun, but 
the paper, and you may see it equally well in all directions. 

Fig. 244. 




The dvU surface of the paper receives light in a definite direc- 
tion, but reflects it in every direction ; in other words, it scatters 
or diffuses the light. The difiTerence in the phenomena in the 
two cases is caused by the difference in the smoothness of the 
two reflecting surfaces. AB, Figure 244, represents a smooth 
surface, like that of glass, which reflects nearly all the rays of 
light in the same direction, because nearly all the points of 
reflection are in the same plane. CD represents a surface of 
paper having the roughness of its surface greatly exaggerated. 
The various points of reflection are turned in every possible direc- 
tion ; consequently, light is reflected in every direction. Thus, 
the dull surfaces of various objects around us reflect light in all 
directions, and are consequently visible from every side. Objects 
rendered visible by reflected light are said to be iUuminated. 

By means of regularly reflected light we see images of objects in 
mirrors, but only in definite directions ; by means of diflhsed light we 
see the mirror itself in every direction. Whether we see the image of 
the source of the Ught (the eye being situated so as to receive tlM 
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regnlarly reflected light), or the object on which the light falls, or both 
at the same time, depends largely upon the degree of smoothness pos- 
sessed by the object that reflects the light. Smooth surfaces are 
called mirrors. Polished metals are the best mirrors. Surfaces of 
liquids at rest are excellent mirrors. It is sometimes difficult to see a 
smooth surface of a pond surrounded by trees and overhung by clouds, 
as the eye is occupied by the reflected images of these objects : but a 
faint breath of wind, slightly rippling the surface, will reveal the water. 
Experiment 2. Place a basin of water on a table, and hold a candle 
flame so that its rays may form a large angle with the liquid surface, 
and notice the brightness of its image. Lower the candle and the eye 
so tliat the incident and reflected rays, as nearly as possible, graze the 
surface of the liquid, and notice how much brighter the image be- 
comes. Notice how much brighter the varnished surfaces of furni- 
ture appear when viewed very obliquely, than when seen by light 
reflected less obliquely. Also notice how much more dazzling is the 
light reflected from the surface of a pond just before the sun sets, 
than at noon when the sun is overhead. This is due in part to our 
being at a suitable position to observe it. 

The amount of light reflected from a smooth surface increases 
rapidly as the angle of incidence increases. Thus, at a perpen- 
dicular incidence, oat of 1,000 parts of light that strike a sur- 
face of water, only 18 parts are reflected ; at 40°, 22 parts are 
reflected ; at SO"*, 333 parts ; and at 89^'', 721 parts. The above 
is not even approximately true of metals or substances having 
metallic reflection, such as galena, etc. 

§ 317. Befleotion ftom plane mirrors; virtual ixnagres.— 
MM (Fig. 245) represents a plane mirror, and AB a pencil of diver- 
gent rays proceeding from the point A of an object AH. Erecting 
perpendiculars at the points of incidence, or the points where these 
rays strike the mirror, and making the angles of reflection equal to 
the angles of incidence, the paths BC and EC of the reflected rays 
are found. 

It appears that divergent incident rays remain divergent after 
reflection from a plane mirror. In like manner constract a 
diagram, and show that parallel incident rays are parallel after 
reflection. Constract another diagram, and show that convergent 
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Iff (i"r etmjyrpntt afUr rtjteetion. To an eve pla<^- 
>iiiis fh-iin which the njs appear to (XHDe are of cocrs- 
in the direcCiiMi of the rays ae il-- 
onter the eye. These points msj > 
found b; cojUinuing the rays CB ai, 
CE behiiMl the mimv, tUl ti^j me^: 
at tbe points D and N. Every po:i: 
of the object AH sends oat ite jn::- 
cils of rays, attd tbose Uial stfit 
the mirror at a soitable angle to k 
refl«cted to tbe eye, prodooe on xhe 
retina of the eye an image of tl^i 
point, and tbe point from which the 
light appears to emanate is foond. i' 
l^ivvK^iwly .i.-s,-rih,Hl. Thus, the pencils EC and BC ^pear w 
^■luitiiAi^ iV,.ui ili,> \M^iMs N and D, and tbe whole body of ILh: 
riHvi\(-il bv till' ovo st-ems to come from an apparent object .V/'- 
l>t'hiiul till' niirt\>r. This apparent object is called an ima-y. 
b«t a* of course there can be no real image formed there, it if 
caUi'd a virtnttl or an imaginary image. It wil! be seen, bt 
conBtnictiiHi, tliat an image in a plane m,irror appears as fir 
behind the mirror cw (fte object is in front of it, and is of ik 
same size and shape as the object. 

If the mirror ta vertical, objects appear In their proper relatione to 
the horizon ; but, If tbe mirror has uij other position, objects assome 
nnnatural postures. Thus, turn this book so tliat the mliTor UM 
(Fig. 215) may represent a. horizontal mirror, and AH a votlcal objeii 
above it, and It will be seen that the image appears ioTerted. To 
verify this, place a mirror In a horizontal position, and set on il a 
goblet of water. Also show by construction that. In a mirror makins 
an angle of 45° with the horzon. Tertical objects appear bortxontal and 
ripe versa. Verify this by esperiraent. Pupils may amose themselves 
at thi^lr h't-^ure. and at the same time be instracted, by performing tie 
r»JU>wluj- ■^ii>eriiitfut$ : — 

KxiMHiHMwl t> rii*>-v a primed pa^ in (Tom of a minor, and 
*tlv»ij>l (>.> ri^*.l iV )v:ut fTviu ;be BiitVfr. It will be seen that there 
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1b olwi^B a lateral iavertton; for the same reason that when two per- 
sons stand being one another, Qie rigbt hand of one Is opposite the 
left hand of the other. 

Elxpeiiment 2. Place two mirrors facing one another and about IS™ 
a^^art. Bold a pencil half-way between the mirrors, and look obllqnel; 
into one mirror jnat over the edge of the other, and 70a will see a 
large number of Images of the pencil arranged at eqoal distances 
behind one another. Account for these Images. 

Eixperlment 8. Place two mirrors edge to edge so ss to form an 
angle of iS" with one another. Place the face In the opening, and 
^radoally close the mirrors till they touch the head. 

g 318. Mnltipld rdfleotiOQ. — Kxperlment 1. Allow tlie 
beam of light in the last experiment to strike a wall of the room. 
There will be projected npon the wall two, and perhaps more, circular 
tinages of the sun overlapping one another. It ^tpears as though the 
beam of light is somehow split, by re- Hg.2*8. 

flection from the mirror, into two or 
more parts, and that these parts travel 
thereafter In slightly different paths. 

Experiment 2. Hold a candle flame 
In such a position (Fig. 346) that its 
light may strike a mirror (one having 
very thick glass is beet) very obllqnely, 
and place the eye so (hat It may receive 
the reflected light, and you may see 
many images of the flame. 

X^peiiment 8. Place a pencil per- 
pendicular t4> a mirror, with the point 
toQchlng the glass, and you will see two 

images of the pencil, — one touching the point of the pencil, and the 
other at a distance equal to twice the thickness of the glass. 

How are these phenomena produced F As jou travel the 
sidewalk and pass wiodowa, you frequently see your own image 
and imagea of other ontdoor objects reflected by the glass, 
showing that even so transparent a substance aa glass does not 
allow oil the light that strikes it to pass through it, but reflects 
a portion. Let a beam of light Aa, Figure 247, strike a mirror 
BC obliquely ; a portion of the light is reflected from the point 
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of lnd(1«no« a, mnd rtrikM the screen DE mt b. Aaatfaa 
tlon of the light enten the ^sm, and % portioD of it h iN 
frum tlid |>olntc, ftnd a portion of thia last reflected Ggltt a 
tlid MTftiri at d, white the remainder is reflected ftu^ e 
and again from /, and a portion of it reaches tke auw 
Fif.Mt. wtfletfcei^M 



to 1, and B 



qooice of tfce las 
1^ aae- 



beoomes too feeUe 
to produce ifiatiDCt 
xita. If tbe eve 
laktt tlid \>\tuK of the screen, since an object is seea in the direc- 
tion in which the light comes to the eye, the point A will a{ipear 
Ut 11(1 MniHiwtioru on tlio lioe ba, extended ; tea tbe same reaaoo 
It win ap]Hiar to lie on the lines de, gh, etc^ ; bat as these lines 
have no point in cont- 
moD, it is dear that 
the effect woold be that 
of multiple images. 
(Show the application 
of this ezplanati<»i in 
accoonting for the phe- 
nomena obtained in the 
above experiments.) 

S 319. Reflection from oonoave mirrorB. — Let MH', 

Figure 218, represent a section of a concave mirror, which may 

be regarded as a small part of a hollow spherical shell havii^ s 

' interior surface. The distance tlLVL' is called ttte c^per- 
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ture of the mirror. G is the center of the sphere, and is called 
the center of curvature. G is the vertex of the mirror. A 
straight line DG-, drawn through the center of curvature and 
the vertex is called ihe principcd cutis of the mirror. A concave 
mirror may be considered as made up of an infinite number of 
small plane surfaces. All radii of the mirror, as CA, CG, and 
CB, are perpendicular to the small planes which they strike. 
If C be a luminous point, it is evident that all light emanating 
fh>m this point, and striking the mirror, will be reflected back to 
its source at C. 

Let E be any lominous point in front of a concave mirror. To find 
the direction that rays emanating from this point take after reflection, 
draw any two lines from this point, as EA and EB, representing two 
of the infinite number of rays composing the divergent pencil of Ught 
that strikes the mirror. Next draw radii to the points of incidence A 
and B, and draw the lines AE and BE, making the angles of reflection 
eqnal to the angles of incidence. Place arrow-heads on the lines rep- 
resenting rays of Ught to indicate the direction of the motion. The 
lines AE and BE represent the direction of the rays after reflection. 

It will be seen that the rays after reflection are convergent, 
and meet at the point F, called the focus. This point is the 
focus of all reflected rays that emanate from the point E. It 
is obvious that if F were the luminous point, the lines AE 
and BE would represent the reflected rays, and E would be 
the focus of these rays. Since the relation between two such 
points is such that light emanating from either one is brought 
by reflection to a focus at the other, they are called conju- 
gate foci. Conjugate foci are two points so related that the 
image of one is formed at the other. The rays EA and EB 
emanating from E are less divergent than raj's FA and FB, 
emanating from a point F less distant from the mirror, and 
striking the same points. Rays emanating from D, and striking 
the same points A and B, will be still less divergent ; and if the 
point D were removed to a distance of many miles, the rays 
incident at these points would be very nearly parallel. Hence 
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rajs may be regarded as practically parallel when their aoorce 
is at a very great distance, e.g., the bud's rays. If a sunbeam, 
consisting of a bundle of parallel rays, as E A, D Gr, and H B 
(F%. 349), strike a coucave mirror parallel with its prinoipsl 
_^ axis, they become convergent by reQection, 

I and meet at a point (F) in the principal axis. 
I This point, called the principal foous, is jiut 
1 half-way between, the center of curvaivre and 
the vertex of the mirror. 

On the other hand, it is obvious that diver- 
gent rays emanating from the principal focus 
of a concave mirror become parallel by reflection. 

If a small piece of paper is placed at the principal focus of a 
concave mirror, and the mirror is exposed to the parallel rays 
of the sun, the paper will quickly bum, showing that the focus 
ofligJU is also a focus of heat; or, in other words, that all forms 
ofmdiaitt energy foUoto the same taws of reflection as light. 

Construct a digram, and show that rays of light proceed- 
ing from a point between the principal focus and the mirror 
are divei^ent after reflection, but less divergent than the inci- 
dent rays. Keveraing the direction of the light, the same dia- 
gram will show that convei^ent raj's of light are rendered more 
convei^ent by reflection from concave mirrors. The general 
effect of a concave mirror is to increase the convergence or to de- 
crease the divergence oftTicident rays. 

The statement, tliat parallel rays after reflection from a coocave 
mirror meet at the principal focns, Is only approximately true. The 
smaller the apertnre of the mirror, the more nearly true ta the state- 
ment. It is strictly true only of parabolic mirrors, such as are used 
with the head-lights of locomotives. Conatnict a diagram representing 
a mirror of large aperture, and It will be fonnd that those rays that 
sLrlhe the mirror at considerable distance from Its center. Intersect the 
principal axis after reflection at points nearer to the mirror than the 
principal focus. 

S 320. FormatioilofiinaireB.— Bzperlmentl. Inadarkroom 
hold tike concave side of a bright silver dessert spoon a little distance 
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in front of the face, imd Introduce a candle flame between tJie spoon 
and jour eyes ; yoa will Bee « bihaII inverted image of tbe flame aboat 
T fnjVont of tbe spoon. 

. Tom tbe convex aide of the spoon toward 70a, and 
yon will see a small erect image of tbe flame a little back of the spoon. 

Ebcperbnent S> Bepeat the two preceding experiments, holding the 
Bpoon between the flame and the eyes, but not so aa to screen the face 
from the light, and yon will see similar images of yonrself. 

To determine the position and kind of images formed of objects 
placed in front of concave mirrors, proceed as follows : Locate tbe 
object, as D E, Figure 260. Draw Unes, EA and DB, from the extrem- 
ities of the object through the center Fig. am. 
of curvatare of the mirror, to meet the 
mirror. These lines are called the sec- 
ondoTt axei. Incident rays along these 
lines will return by the same paths 
after reflection. (Why?) Draw another 
line from D to any point in the mirror, 
e.g., to F, to represent any other of the 
inflnlte number of rays emanating from 
B. Hake the angle of reflection CFIV equal to the angle of In- 
cidence CFD, and the reflected ray will intersect the secondary axis 
DB at the point D'. This point is the conjugate focus of all rays 
proceeding from D. Consequently, an Image of tbe point D ts formed 
at D'. This image is called ^ p,^ ^^j 
a real image, becanse rays 
actnally meet at this point. 
In a similar manner, flnd the 
point E', the conjugate f ocas 
of the point E. The Images 
of Intermediate points be- 
tween D and E lie between 
the points D' and E' ; and, 
consequently, the image of 
tbe object lies between those 
points as extremities. 

If, for the second ray to I>e drawn from any point, we select 
that ray which Is parallel with the principal axis, as AO, Flgnre2Gl, It 
will not be necessary to measure angles. For this ray, after reflec- 
tion, must pass through the principal focus F; and consequently the 
conjugate focus A' Is easily found, and so for the point B' and Intof 
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mocUate points. Both metboda of constractiiig Imagea should be prac 
UMd by tfa« poplt. 

It thna appears that an image of an object placed bet/ond tAt 
center of curBoture of a concave mirror is real, inverted, smaller 
than the object, and located between the center of curvature and the 
principal focus of the mirror. An eye placed in a auitable posi- 
tion to receive tbe light, as at 
""'*" H (Fig. 252), wiU receive the 

Bame impresBioii ftt>m the re^ 
fleeted rays as if the image 
E' D' were a real object. For 
a cone of rays originally eman- 
ates from (say) the point I> of 
the object, bnt it enters tiie eye 
SB if emanating from D', and consequently appears to originate 
flx>m the latter point. A person standing in front of sach a 
mirror, at a distance greater than its radius of cnrvatore, wiU 
see an image of himself suspended, as it were, in mid-fur. Or, 
if in a darkened room an illuminated object is [daoed in front of 
the mirror, and a small oiled-paper screen is placed where the 
image is formed, a large audience may see the image projected 
upon the screen. 
If E' D' (Fig. 250) is taken as the object, then the direction 
of the light in the dif^^ram 
will be reversed, and £D 
wilt repreBeat the image. 
Hence, the image of an ob- 
ject placed between the prin- 
cipal focus and thecenterof 
curvature it also real and 
inverted, but larger than the 
object, and located beyond 
the center of curvature. The image in this case may be pro- 
jected upon a screen, but it will not be so bright as in the 
former case, because the light is spread over a lai^fer surface. 
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Construdt the image of an object placed between the principal 
focus and the mirror, ae in Figure 253. It will be seen in this 
case that a pencil of rays proceeding from 
any point of an object, e.g., D, has no 
actual focns, but appears to proceed ftom 
a virtual focns D', back of the miiTor, and 
so with other points, as £. The image 9/ 
an object placed between the prinapalfocua 
and the mirror is virtual, erect, larger than 
the ot^ect, and is back of the mirror. 

QUESTIONS. 

Ascertain the answers to the following qneatlons b; conetmctlng 
enltable dlagrame, and afterwards verlf; your condusioDS by experi- 
ment, If convenient. 

1. When an object is located at a distance from a concave mirror 
eqoal to Its radios, will any image be formed? Why? 

9. What Is the eB^ct of placing the object at the principal focus? 
Why? 

3. (a) When is the real image formed by a concave mirror smaller 
than the object? (&) When Is it larger? 

4. (a) When Is the image formed by a concave mirror real? (6) 
When is It virtnair 

5. (a) Is the Image of an object formed by a convex mirror real or 
virtnal? (b) Is It larger or smaller than the object? (c) Is it erect or 
Inverted? 

Note. — The diagram In Figure 254 will be fomid sufflciently sug- 
gestive as to the method of finding the disposition of a pencil of rays 
emanating from any point, e.g., A, after reflection from a convex 
mirror. 

6. Is the general effect of a convex mirror to collect or to scatter 
rays? 
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UV. REFRACTION. 

. Acrou the bottom of a reeUngnlar tin basin ABC 
O, Figure S56, mark a scale of mUUmeters. Into a darkened room 
admit a beam of Boullgbt, so tbat its rtqa may fall obllqnel; on the 
bottom of the basin, and note the place on the scale where t^e edge of 
the shadow D E cast bj the side of 
the basin D C meets the bottom at E. 
Then, without moving the basin, flU 
even foil with water sllghtl; 
clonded wiUt milk, or with a few 
drops of a solution of mastic in alco- 
hoL It will be found that the edge 
of the shadow has moved from D E 
D F, and meets the bottom at F. 
Beat a blackboard robber, and create 
i clond of dost In Itae path of the 
beam in the ^, and yon will discover 
that the rays Q D that graze the edge of the disk at D become bent 
at the point where thej enter the water, and now move In the bent 
UueQI)F,iQst«adof, as formerly, in the stntigfat line OB. The path 
of the light In the wat«r Is now never to the vertical side DC; 
In other words, this part of the beam It more nearlp vertieal tJtan be/ore. 
Eizperlment 2. Place a coin (A, Fig. S66) on the bottom of an 
empty basin, so that, as yon look through a small bole In a card B C 
over the edge of the vessel, the coin is jnst out of sight. Then, with- 
out moving the card or basin, flU the latter with water. Now, on 
looking through the iq>ertnre in the card, the coin Is visible. The 
beam of light AE, which formerly moved in the straight line AD, is 
now bent at E, where it leaves tiie water, and, passing through the 
apertnre in the card, enters the eye. Observe 
that, as the light passes from the water Into 
the ^, It Is tamed fiirther from a vertical line 
E F; In other words, the beam is farther from 
the vertical than h^ort. 

Experiment 8. From the same posiUon as 

in the last experiment, direct the eye to the 

I point O in the basin filled with water. Beach 

I yoDi hand around the basin, and place your 

finger where that point appears to be. On ei- 

amlnatlon, it will be found that your Unger is considerably above the 
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bottom. Hence, the ^eet of the bendinf of raft qf light, a* they pat 
oMig<t«Iy out r^ vxUar, it to eaate the bottom to ofipear more elevated than it 
realljiU; in oOier vot^, to eawe the water to <^pear thallovier than it it. 

Experiment 4. Thrust & pencil obllqaelr Into water, and It will 
appear shortened, bent at the Borface of tbe water, and the p,^ __ 
Immersed portion elevated. 

IBxpaclment G. Place a piece o( wire (Fig. 267) Tertl- 
call7 in front of the eye. and hold a narrow strip of thick J 
plate glass horizontallf across the wire, ho that the light [ 
from the wire ma; pass obliquely through the glass to the 
eye. The wire will ^pear to be broken at the two ed{ 
of the gloss, and the int«rvenlng section wUl appear to be moved to 
the right or left according to the Inclination of ttie glass ; bnt, if the 
glass is not inclined to the one side or the other, the wire does not 
appear broken. 

When K beam of light passes from one medium into another of 
different density, it is bent or refracted at the boundary plane 
between the two media, unless it falls ezacUy perpendicularly 
on this plane. If it passes into a denser medium, it is refracted 
toward a perpendicular to this plane; if into a rarer medium, it 
ia refracted from the perpem- m-aH. 

dioubwr. The angle GDO (Fig. 
255) is called the angle of inci- 
dence; FDN, the angle of re- 
fraction; and £ DP, the angle 
of deviation. 

$ 32L Oaoae of reft-aotioQ. 
— CarefiU experiments have 
proved that the velocity of light 
is less in a dense than in a rare 
medium. Let the aeries of par- 
allel lines AB (Fig. 258) repre- 
sent a series of wave-fronts leaving an object C, and passing 
t^mmgh a rectangular piece of glass DE, and constituting a 
beam of light. Every point in a wave-fVont moves with equal 
Telocity as long as it traverses the same medium ; but the point 
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a of a giyen wave oft enters the glass first, and its Telocity is 
impeded, while the point b retains its original yelocity ; so 
that, while the point a moves to a', b moves to &', and the 
result is that the wave-front assumes a new direction (very 
much in the same manner as a line of soldiers execute a wheel), 
and a ray or a line drawn perpendicularly through the series of 
waves is turned out of its original direction on entering the glass. 
Again, the extremity c of a given wave-front cd first emerges 
from the glass, when its velocity is immediately quickened ; so 
that, while d advances to d', c advances to c', and the direction 
of the ray is again changed. The direction of the ray, after 
emerging from the glass, is parallel to its direction before enter- 
ing it, but it has suffered a lateral displacement. Let C repre- 
sent a section of the wire used in Exp. 5, and the cause of 
the phenomenon observed wUl be apparent. If the beam of 
light strikes the glass perpendicularly, all points of the wave 
will be checked at the same instant on entering the glass ; con- 
sequently it will suifer no refraction. 



Fig. 259. 



§ 322. Index of refiraction. — The deviation of light, in 

passing from one medium to 
another, varies with the me- 
dium and with the angle of 
incidence. It diminishes as 
the angle of incidence dimin- 
ishes, and is zero when the 
incident ray is normal (i.e., 
perpendicular to the surface 
of the medium) . It is highly 
important, knowing the angle 
of incidence, to be able to 
determine the direction 
which a ray of light will take 
on entering a new medium. Describe a circle around the point 
of incidence A (Fig. 259) as a center, with a radius of (say) 
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10^; through the same point draw IH perpendicular to the 
surfaces of the two media, and to this line drop perpendiculars 
BD and CE from the points where the circle cuts the ray in the 
two media. Then suppose that the perpendicular B D is ^ of 
the radius A B ; now this fraction ^ is called (in Trigonom- 
etry) the sine of the angle DAB. Hence, ^ is the sine of 
the angle of incidence. Again, if we suppose that the perpen- 
dicular C E is ^ of the radius, then the fraction ^ is the 
sine of the angle of refraction. The sines of the two angles 
are to one another as ^ : 3^, or as 4 : 3. The quotient (in this 
case f ) obtained by dividing the sine of the angle of incidence 
by the sine of the angle of refraction is called the index of refrac- 
tion. It can be proved to be the raJtio of the velocity of the 
incident to that of the refracted light. It is found that, for the 
same media the index of refraction is a constant quantity; i.e., 
the incident ray might be more or less oblique, still the quotient 
would be the same. 

§ 323L Indices of refiraction. — The index of refraction for 
light in passing from air into water is approximately f , and 
from air into glass f ; and, of course, if the order is reversed, the 
reciprocal of these fractions must be taken as the indices ; e.g.^ 
from water into air the index is f , from glass into air {. When 
a ray passes from a vacuum into a medium, the refractive index 
is greater than unity, and is called the absolute index of refrac- 
tion. The relative index of refraction, from any medium A into 
another B, is found by dividing the absolute index of B by the 
absolute index of A. 

The refractive index varies with the color of the light. (See 
page 865.) The following table is intended to represent msan 
indices : — 

TABLE OP ABSOLUTE INDICES. 



Air at 0*C. and 700*» pressure . 1.00Q294 

Porewstor 1.33 

Alcohol IXt 

Bplrito of turpentine 1.48 

of the eye (about) . . 1.35 



Carbon bisulphide 1.641 

Crown glass (about) 1.53 

Flint glass (about) 1.81 

Diamond (about) 2.5 

Leadchromate 2.97 
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EXERCISES. 

I. Dnw & atnlght line to represent a surface of flint gjass, and 
draw another line meeting this obliquely to represeat a ray of light 
passing Ih>m a racniun Into tlils medlQm. Find ttie direction of the 
ray after it enter* the medtnm, employing the index as given in the 
above table. 

S. (a) Determine the index of retraction for light in passing ftom 
ivBter into diamond, (b) In passing from water into air. 

S. Ascertain the Index of refraction for water In Exp- 1, p. 360, In 
which sine I (rine of angle of incldeoce) — ^-jt (Fig. 255), and sine 
R (sine of angle of refraction) = =;^. Hence, the index of refraction 
= rtnel ^EC FC 

sineR ED'^FD 



§ 324. Critical angle; total refleotion. — Let SS' (Fig. 
260), represent the bouadary-eurface between two media, and 
AO and BO incident rays in the more refractive medium {e.g.. 
glass) ; then OD and OE may represent the stune rays respec- 
tively after they enter the less refractive medimn (e.g., ur). 
It will be seen that, as the angle of incidence is increased, the 
refracted ray rapidly approaches the surface OS. Now, there 
must be an angle of incidence (e.g., COM) such that the angle 
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of refraction will be 90^ ; in tills case the incident ray CO, after 
refraction, will just graze the surface OS. This is called the 
criHcal or limiting angle. Any incident ray, as LO, making a 
larger angle with the normal than the critical angle, cannot 
emerge firom the medium, and consequently is not refiracted. 
^Experiment shows that all such rays undergo internal reflection, 
e.g.^ the ray LO is reflected in the direction ON. Reflection in 
this case is perfect, and hence is called totcU reflection. Total 
reflection occurs when rays in the more rejmctive medium are in- 
cident ai an angle greater than the critical angle. Surfaces of 
transparent media, under these circumstances, constitute the 
best mirrors possible. The critical angle diminishes as the re- 
fractive index increases. For water it is about 48^^ ; for flint 
glass, 38^ 41' ; and for diamond, 23^ 41'. Light cannot, there- 
fore, pass out of water into air with a greater angle of incidence 
than 48^^. The brilliancy of gems, particularly the diamond, 
is due in part to their extraordinary power of internal reflection. 
It is evident that all incident light embraced in the angular 
space KOS, not reflected at the surface, is condensed by refrac- 
tion into the angular space COM of 48^^, or that the whole 
light that passes into the water is condensed into an angular 
space of 97°. A diver, looking upward, can see external ob- 
jects, as it were, only through a circular aperture overhead of 
limited diameter ; while beyond this circle he sees, as the effect 
of total reflection, the various objects on the bottom. 

§ 32S. niustrationB of refiraotion and total refllection.— 

Experiment 1. Place a bright coin in a tumbler of water, and tilt the 

glass till the light from the coin strikes the surface of the water above 

with Bni&cient obliqaity, so that, looking upward toward that surface, 

yon can see there a distinct image of the coin. 

Experiment 2. Thrust the closed end of a glass test-tabe into 
water, and incline the tube. Look down upon the immersed part of 
the tube, and its upper surface will look like burnished silver, or as if 
the tabe contained mercury. Fill the test-tube with water, and immerse 
as before ; the total reflection which before occurred at the surface of 
the air in the submerged tabe now disappears. Explain. 
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Experiment 8> PUc« nncolorad gUas beadj, or gUas broken Into 
quite unmU pieces, Id a teab-tnbe. They appear not only white, doe to 
dUnued leflectton, bat quite opaque. 
^' due to refraction and Internal redeo 

tlon. Four some water into tbe tube, 
and It becomea somewhat translncent. 
Subetltnte spirits of turpentine for 
the water, and tbe tranalucencj is 
Increased. By mixing a small qn&ntttj 
of carbon blsnlpblde with the turpen- 
tine, or olive oil with oil of cassia, 
a liquid can be obtained whose re- 
froctiTe Index is about the same as 
that of glass, when the light will 
pasB tbroagb the liquid without ob- 
struction, and tbe beads become trans- 
parent and nearly invisible. The last 
Ulustratton shows that on» transparent body within another can be seen 
onlg lehen their refrafMve povien differ. Place yonr eye on a level with 
the surface of a hot stove, and yon may observe a wavy motion in the 
t^r, due to the mingling of currents of heated and less refractive air, 
with cooler and more refractive air. 

A ray of light from a heavenly body A (Fig. Sfil) undergoes a 
series of refractions as it reaches saccessive strata of the atmos- 
phere of constantly increasing density, and to an eye at tbe earth> 
surface appears to come trom a point A' in the heavens. The genent 
eflfect of tbe atmosphere on the path of llgtit that traverses It Is sucb 
as to increase the apparent altitude of tbe heavenly bodies. It enablee 
us to see a body (B) which is actually below the horizon, and prolongs 
the apparent stay of the sun, moon, and other heavenly bodies above 
the horizon. Twilight Is due both to refraction and reflection of light 
by the atmosphere. 



LV. PRISUS AND LENSES. 
§ 326. Optical prisine. — An optical prism ie usually a 
transparent wedge-shaped body. Figure 262 represents a 
transverse section of euch a pib aai 

prism. Let AB be a ray of 
light incident npon one of its 
surfaces. On entering the 
prism it is refracted totoard the 
normal, and takes the direction 
BC. On emerging from the 
prism, it is again refVacted, but 

now from the normal in the direction CD. The object that 
emits the ray will appear to be at F. Observe that the ray AB, 
at both refractione, is bent toward the thicker part, or base, of 
the prism. 

S 327. LenseB. — Any transparent medium bounded by two 
carved smrfaces, or one plane and the other curved, is a lens. 

Experiment !• Procure a coaple ol lensea thicker In the middle 
than at the edge; Strong spectacle glasses, or the large lenses In an 
opera glass, will answer. Hold one of the leaseB In the snn's rajs, and 
notice the patA of the beam In dosty air (made so by striking together 
two blackboard mbbera) after it psasea through the lens ; also, that on 
a paper screen all the rays may be brought to a small circle, or even a 
point, not far from g^ ^g^ 

the lens. Thla point f 
Is called the foeut, 
and Its distance from 
the lens, the focal 
lengt\ of the lens. 

nod the focal ' 
lengtii of this lens, and of the second, and then of the two together. 
Tod find the focal length of the two combined Is less than of either 
alone, and le&m that the more powerful a lens or combination of 
them Is, the shorter the focal length ; that is, the more qnlcldy are the 
parallel rays that enter dlObrent parts of the lens brought to cross one 
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Experiment 2< Procure a lens thinner In the middle than at Its 
edge. One of the small lenses of eTe-gUsses of An opera glass will 
answer. Repeat the above experiment with this lens, and notice that 
the U^t emerging from the lens, Instead ol coming to a point, becomeB 
spread ont. 

Lenses are of two classes, coavei^ug and diverging, acoord- 
ing as they collect or scatter beama of light. £ach class com- 
prises three kinds (Fig. 263) : — 

Cusg I. Cuu n. 

l-Doibl.™™ ,a««rgU« or convex , ^ i^t,„„,^„ 
i. FliiHHianTsi I lfii«w, tUcker Id < 
I. OoBiakia-iian'na i Ibe mtddla Ihu al 
(or meniifliu) J IhB edfes, 

A straight line, aa AB, normal to both sarfaces of a lens, 
and passing through its center of cnrrature, is called its princi- 
pal axia. In every lens there is a point in the principal axis 
called the opficoZ center. Every ray of light that passes through 
it has parallel directionB at incidence and emergence, i.e., can 
suffer at most only a slight lateral displacement. In lenses 1 
and 4 it is half-way between their respective curved surfaces. 
A ray, drawn tliroagh the optical center tiom any point of an 
object, as Aa (Fig. 269, p. 362), is called the secondary axis 
of this point. 

§ 328. Effect of lensea. — We may, for convenience of iUos- 

tratioQ, regard a convex lens as composed, 

approximately, of two prisms placed base to 

base, as A (Fig. 264), and a concave lens 

as composed of two prisms with tlieir edges 

in contact, as B. Inasmnch as a beam or 

pencil of light ordinarily strikes a lens in 

such a manner that the raya will be bent 

toward the thicker parts or bases of these 

approximate prisms, it is obvious that the lens A would tend 

to bend the transmitted rays toward one another, while tbe 

lens B would tend to separate them. Hie generai effect of aU 
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convex Iense< i* to converge trangmitted rays; and of concave 
tenwa, to caaae them to diverge. locident rays parallel with the 
principal axis of a oonvex lens are brought to a focus F (Fig. 265) 
at a point in tlie principal axis. This point is called the prin- 
cipal focus, i.e., it is the focus of incident rays parallel with the 
principal axis. It may 
be found by holding the 
lens so that the rays of 
the Ban may fall perpen- 
dicularly apon it, and then 
moving a sheet of paper 
back and forth behind it 
until the image of the 

sun formed on the paper is brightest aad smallest. Or in a room 
it may be found approximately by holding a lens at a considerable 
distance from a window, and regulating the distance of the paper 
so tbat a distinct imi^e of the window will be projected upon it. 
The focal length is the distuice of the optical center of tiie lens 
to the cent«r of the image on the paper. The shorter this 
distance the greater is the power of the lens. 

If the paper is kept at the principal focus for a short 

time it will take ^ 

- ^ „. Fie.M«. 

fire. Hence, this 

is the focus of 

heat as well as of 

tight. Xhe reason 

is apparent why 

convex lenses are 

aometimea called 

" homing glasses . " 

A pencil of rays 

emitted from the principal focns F (Kg. 265), as a luminons 

point, becomes parallel on emei^ing from a convex lens. If 

the rays emanate from a point nearer the lens , they divei^ aft«r 

egrem, but the dlvei^nce is less than before ; if from a pomt 
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beyond tlie principal focus, the rays are rendered oonreigent. 
A concave lens causes parallel incident rays to diverge as if 
they came from a point, as F (Fig. 266), This point is there- 
fore its principal focus. It is, of course, a virtual /ocua. 

§ 32ft 0(»]jtiffate foci. — When a luminous point S (Fig. 
267) sends 
rays to a con- 
vex lens, the 
emergent rays 
converge to 
another point 
S'i rays sent 
from S' to Uie 
lens would oonvei^ to S. Two points thus related are called 
(xmjugate foci. The fact, that rays which emanate from one 
point are caused by convex lenses to collect at one point, 
gives rise to real images, as in the case of concave mirrors. 

§ 330l Images formed. — Fairly distinct images of objects 
may be formed through very amcdl apertures (page 330) ; but 
owing to the small amount of light that passes through the 
aperture, the images are very deficient in brilliancy. If lite 
aperture is enlai^ed, brilliancy is increased at the expense of 
distinctoesB. (Why?) A convex lens enables u« to obtain both 
brilliancy and disliiuUneas at the same time. 

Experiment 1. B; means of ttporte lumiire A (Fig. 368) Introduce a 
horizontal beam of light Into a darkened room. In its path place some 
object, as B, palnt«d in transparent colors or photographed on glass. 
(Transparent pictures are cheaply prepared by photographers for snnllght 
and Ume-light projections.) Beyond the object place a convex lens L, 
and beyond the lens a screen 8. Tlie object being lllnmlnated by the 
beam of light, all the rays diverging from any point a are bent by the 
lens BO as to come together at the point a'. In like manner, all the rays 
proceeding from c are brought to the same point & ; and so also for all 
Intermediate points. Thus, ont of the UlUons of rays emanating from 
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the beam with its axis (the straight line connecting the centers of the 
triangolar faces) vertical. (1) The light now is not only turned from 
its former path, but that which before was a narrow sheet, is, after 
emerging from the prism, spread out fan-like into a wedge-shaped 
body, with its thickest part resting on the screen. (2) The image, 
before only a narrow vertical band, is now drawn out into a long 
horizontal ribbon of light D£. (3) The image, before white, now 
contains all the colors of the rainbow, from red at one end to violet 
at the other ; it passes gradually through all the gradations of orange, 
yellow, green, blue, and violet. (The difference in deviation between 
the red and the violet is purposely much exaggerated in the figure.) 

From this experiment we leani (1) that white light is not sim- 
ple in its composition, bub the result of a mixture. (2) The colors 
of which white light is composed m>ay be separated by refraction, 
(3) 7%e cause of the separation is due to the different degrees 
of deviation which they undergo by refraction, Eed, which is 
always least tamed aside from a straight path, is the least 
refrangible color. Then follow orange, yellow, green, blue, and 
violet in the order of their refrangibility. The many-colored 
ribbon of light DE is called the solar spectrum. This separa- 
tion of white light into its constituents is called dispersion. The 
number of colors of which white light is composed is really 
infinite, bat we have names for only seven of them ; viz., red, 
orange^ yellow^ green^ cyan-blue^^ ultramxirine-bl'ue^ and violet; 
and these are called the primary or prismatic colors. The 
names of the blues are derived from the names of the pigments 
which most closely resemble them. The rainbow is an illustra- 
tion of a solar spectrum on a grand scale. It is the result of 
the dispersion of sunlight by rain drops. 

The spectrum may be projected upon a screen, or it may be 
received directly by the eye, as in the two following experi- 
ments : — 

Experiment 2. Upon a black card-board A (Fig. 274) paste a 
strip of white paper 8<™ long and 2>>™ wide ; and place the prism and 
the eye as In the figure. Now a beam of white light from the strip Is 

1 Bee Bood'fl Modem OhroiiiAtlai. 



f 332l Vtrtoal imagas. — Siace nys thAt enuuule finm a 
point nearer tbe lens than the priucipml focus diverge after 
cgrt.'MM, it in evident that tbeir focos most be virtoal and oo Uk 
ifutue «i(l<; of tbe lens as tbe object. Hence, tie image nf an 
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€jhjeel placed nearer the lens thaa the princ^xxl /iyxB is virtual, 
•magnijleii, and erect, as shown in E^gure 270. A convex leim 
used in this manner is called a simple microscope. 

Since the effect of concave lenses is to scatter transmitted 
r&ys, pencils of rays emitted from A and B (Fig. 271), after 



refVactioD, diverge as if thej came fhmi A' and B', and the 
im^e wiU appear to be at A'B'. Hence, images formed by 
cOTUsave lenses are virtual, erect,, and smaller than the object. 

§ 333l Spherioal aberration. — In all ordinary convex 
lenses the curved sm^aces are spherical, aQd the aogles which 
incident rays make with the little plane sorfaces, of which we 
may im^ne the spherical snrface to be made up, increase 

Fig. 2TI. 



rapidly toward the edge of the lens. Hence, while those rays 
from a given point of an object, as A (Fig. 272), which pass 
through the central portion, meet approximately at the same 
point F, those which pass through the mai^n&l portion are 
deviated so much that they cross the axis at nearer points, 
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temperature of about 540° C. it begins to emit light ; and the 
light, analyzed by a prism, shows that it emits only red light. 
As the temperature rises, there will be added to the red of the 
spectrum, fbrst yellow, then green, blue, and violet successiyel3\ 
When it reaches a white heat, it emits all the prismatic colors. 
It is significant that a white-hot body emits more red light than 
a red-hot body, and likewise more light of every color than at 
any lower temperature. The conclusion is, that a body which 
emits white light sends forth simuUarieousLy waves of a variety of 
lengths. 

§ 337. Continuous spectra. — The spectrum produced by 
the platinum is continuous ; that is, the band of light is un- 
broken. If the spectrum is not complete, as when the tempera- 
ture is too low, it will begin with red, and be continuous as far 
as it goes. All luminous solids and liquids give cofitintums 
spectra. 



Fig. 276. 




§ 338. Spectroscope. — A small Instrument called a pocket 
spectroscope} will answer for all experiments given in this book. More 
elaborate experiments require more elaborate apparatus, a description 
of which must be sought for in larger works on this subject. This 
instrument contains three or more prisms, A, B, and C (Fig. 276). The 
prisms are enclosed in a brass tube D, and this tube In another tube E. 
F is a convex lens, and O is an adjustable slit. By moving the inner 
tube back and forth, the instrument may be so focused that jNurallel 
rays will fall upon prism A. By varying the kind of glass used In the 
different prisms,' as well as their structure, the deviation of light fVom 
a straight path, in passing through them, is overcome, while the dis- 
persion is preserved. On account of the directness of the path of light 
through it, this instrument is caUed a direct-vision spectroscope. 

1 It is expected that the pupil will be provided with a pocket spectroaoope, the ooet of 
which need not exceed ten dollars. 

s A and O are crown-glaaa, and B is fllnt-glaae. See foot-note, p. 805. 
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§ 339. Bright line, absorption, or reversed spectra. — 
JB«3c:pertmeiit 1. Open the slit a little less than V*^ wide, and look 
through the spectroscope at the sky (not at the sun, for its light is too 
intense for the eye), and yon will see a continuous spectrum. 

Ks:periinent 2. Repeat the last experiment with a candle, kerosene, 
or ordinary gas flame, and you will obtain similar results. 

Blxperlment 3. Take a piece of platinum wire 10»° long, seal one 
end of it by fusion to a short glass tube for a handle, and make a loop at 
the other end about V^ in diameter. Wet the loop in clean water, 
dip it into pulverized common salt, and introduce it into the almost in- 
visible and colorless flame of a Bunsen burner. Instantly the flame 
becomes luminous and colored a deep yellow. Examine the light with a 
spectroscope, and you will find, instead of a continuous spectrum be- 
giTining with red, only a bright, narrow line of yellow in the yellow part 
of the spectrum, next the orange. Your spectrum consists essentially 
of a single bright yellow line on a comparatively dark ground (see 
Sodium, Fig. 277). 

SziperlnienJ; 4. Heat the platinum loop until it ceases to color the 
flame, then wet it and dip it into chloride of lithium, and repeat the 
last exi>eriment. You obtain a carmine-tinted flame, and see through 
the spectroscope a bright red line and a faint orange line (see Lithium, 
Fig. 277). 

Elzperiment 5. Use potassium hydrate, and you obtain a violet- 
colored flame, and a spectrum consisting of a red line and a violet line 
(the latter quickly disappears). Use strontium nitrate, and obtain a 
crimson flame, and a spectrum consisting of several lines in the red 
and the orange, and a blue line. (See Potass, and Stron., Fig. 277.) 

-Experiment 6. Use a mixture of several of the above chemicals,- 
and you wiU obtain a spectrum containing all the lines that characterize 
the several substances. 

Every chemical compound used in the above experiments 
contains a different metal, e.^., common salt contains the metal 
sodium ; the other substances used successively contain respec- 
tively the metals lithium, potassium, and strontium. These 
metals, when introduced into the flame, are vaporized, and we 
get their spectra when in a gaseous state. AU gases give dis^ 
continuottSy or bright line, spectra, and no two gooses give the same 
spectra. The fact that in the second experiment we obtained 
continuous and similar spectra, appears to contradict the last 
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two statements. But it should be remembered that all that 
gives light in those flames is small particles of solid carbon 
floating in the burning gas. We see, then, that the spectrogcope 
fumiahes us fjoWi a reHaible means of determining^ cU any Ume^ 
whether light proceeds from a luminous solid or a Iwn^inous gas. 
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§ 340. Dark-line spectra. — Experiment l. Close the sUt of 
the spectroscope so that the aperture wUl be very narrow ; direct it 
once more to the sky, and slowly move the inner tube back and forth, 
and you will find, with a certain suitable adjustment which may be 
obtained by patient trial, that the solar spectrum is not in reality con- 
tinuous, but is crossed by several dark lines (see Fig. 277). 

Experiment 2. The electric light is now in so common use that it 
may be possible to perform this experiment. Between the electric 
light and the spectroscope introduce the flame of a Bunsen burner, and 
color it yellow with salt. Examine the electric light transmitted 
through this yellow flame. 

In the last experiment you will naturally expect to find the 
yellow part of the spectrum nncommonly bright, for there would 
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apparently be added to the yellow of the electric light the yellow 
of the salted flame. But precisely where you would look for the 
brightest yeUow, there you discover that the spectrum is crossed 
by a dark line. If you use salts of lithium, potassium, and 
strontium in a similar manner, you will find in every case your 
spectrum crossed by dark lines where you would expect to find 
bright lines. Kemove the Bunsen flame, and the dark lines 
disappear. It thus appears that the vapors of different sub- 
stances absorb or qu/ench the very same rays that they are capable 
of enUtting ; very much, it would seem, as a given tuning-fork 
selects from various sounds only those of a definite wave-length 
corresponding to its own vibration-period. The dark places of 
the spectrum receive light in f uU force from the salted flame ; 
bat the light is so feeble, in comparison with those places illumi- 
nated by the electric light, that the former appear dark by con- 
trast. Light transmitted through certain liquids (as sulphate of 
qoinine and blood) and certain solids (as some colored glasses) 
prodaces darhdine spectra. These spectra are obtained only 
when light passes through media capable of absorbing rays of 
oertain wave-length ; hence, they are commonly called absorp- 
tion spectra. Since a given vapor causes dark lines precisely 
where, if it were itself the only radiator of light, it would cause 
bright lines, dark-line spectra are frequently called reversed 
spectra. There are then three kinds of spectra: continuotis 
spectra^ produce^ by luminous solids, liquids, or, as has been 
found in a few instances, gases under great pressure ; bright- 
line spectra^ produced by luminous vapors ; and absorption spe&- 
fra, produced by light that has been sifted by certain media. 

§ 343. Spectrum analysis. — More elaborate spectroscopes 
contain many prisms, by which we greatly increase the purity of 
the spectrum. (By purity is meant a freedom from the over- 
lapping of images of the sUt, by which many lines of the 
spectra are concealed.) They also contain an illuminated scale 
which may be seen adjacent to the spectrum, by which the exact 
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positioii of the lines, and their relative distances from one another, 
can be accorately determined, and a telescope by which the spec- 
tram and scale may be magnified. The positions of some of the 
prominent lines of the solar spectrum were first determined, 
mapped, and distinguished fix>m one another by certain letters 
of the alphabet b}' Fraunhofer; hence, the dark lines of the 
solar spectrum are commonly called Fraunkofef's lines. So 
far as discovered, no two substances have a spectrum con- 
sisting of the same combination of lines; and, in general, 
different substances but very rarely possess lines appearing to 
be common to both. Hence, when we have once observed and 
mapped the spectrum of any substance, we may ever after be 
able to rec(^ize the presence of that substance, when emit- 
ting light, whether it is in our laboratory or in a distant 
heavenly body. The spectroscope, therefore, furnishes us a 
most efficient means of detecting the presence (or absence) of 
any elementary substance, even when it is combined or mixed 
with other substances. It is not necessary that the given sub* 
stance should exist in large quantities ; for example, the four- 
teen-millionth part of a milligram of sodium can be detected by 
the spectroscope. Substances that are not easily converted into 
vapors at low temperatures may be placed between the poles 
of an electric battery or an induction coil. The heat generated 
by electricity will vaporize all substances. After maps of the 
spectra of aU known substances have been made out, if, on ex- 
amination of a complex substance, any new lines should at any 
time appear in the spectrum, it would indicate the presence of 
a substance hitherto undiscovered. It was thus that the elements, 
caesium, rubidium, thallium, and indium were discoveied. 

§ 342. Celestial chemistry and physics. — The spectrum 
of iron has been mapped to the extent of 460 bright lines. The 
solar spectrum fhmishes dark lines corresponding to nearly aD 
these bright lines. Can there be any doubt of the existence of 
iron in the sun? By examination of the reversed spectrum of 
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the 8un, we are able to determine with certainty the existence 
there of sodium, calcium, copper, zinc, magnesium, hydra- 
gen, and many other known substances. Again, from our 
knowledge of the way in which a reversed spectrum can be pro- 
duced, we may conclude that the sun consists of a luminous 
solid, liquid, or an intensely heated and greatly condensed gas 
(called a photosphere)^ and that this nucleus is surrounded by 
an atmosphere of cooler vapor, in which exist at least all the 
substances just named. The moon and other heavenly bodies 
that are visible only by reflected sun-light give the same spectra 
as the sun, while those that are self-luminous give spectra which 
differ fh>m the solar spectrum. 

§ 343. Heat and ohemioal spectra. — - If a sensitive ther- 
mometer is placed in different parts of the solar spectrum, it 
will indicate heat in all parts ; but the heat generally increases 
fh)m the violet toward the red. It does not cease, however, with 
the limit of the visible spectrum ; indeed, if the prism is made 
of flint glass, the greatest heat is just beyond the red. A strip 
of paper wet with a solution of chloride of silver suffers no 
change in the dark; in the light it quickly turns black; ex- 
posed to the light of the solar spectrum, it turns dark, but 
quite unevenly. The change is slowest in the red, and con- 
stantly increases, till about the region indicated by G (Fig. 277) , 
when it attains its maximum ; from this point it falls off, and 
ceases at a point considerably beyond the limit of the violet. 
It thus appears that the solar spectrum is not limited to the 
visible spectrum, but extends beyond at each extremity. Those 
rays that lie beyond the red are usually called the uUra-red 
rays, while those that lie beyond the violet are called the uUra- 
violet rays. The ultra-red rays are of longer vibration-period, 
and the ultra-violet of shorter period, than the luminous rays. 

§ 344 Only one kind of radiation. — The fact that radi- 
ant energy produces three distinct effects, — viz., luminous, 
heating, and chemical, — has given rise to a quite prevalent idea 
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that there are three distinct kinds of radiation. There is, bow- 
ever^ abeolately no proof that these different effects are prodaoed 
by different kinds of radiation. 7%e mom radiation thai produ- 
ce» vt9hn ean generate heat and chemical action. The fact that 
the ultra-red and ultra-violet rays do not affect the eye does 
not argue that they are of a different nature from those that do. 
but it does show that there is a limit to the susceptibility of the 
eye to receive impressions from radiation. Just as there are 
sound-waves of too long, and others of too short, period to 
affect the ear, so there are etherial waves, some of too long, and 
others of too short, period to affect the eye. It is true, how- 
ever, that waves of long period from the sun are more enei^etic 
in producing heating effects than those of short period ; and 
those of short period are more effective in generating chemical 
action in certain substances than those of long period ; while 
only those which lie between the extremes affect the eye. 
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§ 34& Oolor produoed by absorption. — ^' All objects are 
black in the dark ; '* this is equivalent to saying that without 
light there is no color. Is color a quality of an object, or is it a 
quality of the light which illuminates the object? 

Experiment 1. We have found that common salt introduced into 
a Bnnsen flame renders it luminous, and that the Ught when analyzed 
with a prism Is found to contain only yellow. Expose papers or 
fabrics of various colors to this light in a darkened room. No one of 
them exhibits Us natural color except yellow. 

Experiment 2. Hold a narrow strip of red paper or ribbon in the 
red portion of the solar spectnun ; it appears red. Slowly move it 
toward the other end of the spectrum ; on leaving the red it becomes 
darker, and when it reaches the green it Is quite black or colorless, and 
remains so as it passes the other colors of the spectrum. Repeat the 
experiment, using other colors, and notice that only in light of its own 
color does each strip of paper appear of its natural color; while in all 
other colors it Is dark. 
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These experiments show that (1) color is a qiLcUUy o/the light 
which iUuminaies^ and 7M>t of the object illuminated; (2) in order 
that an object may appear of a certain color ^ it mvM receive light 
of thcU color; and of course if it receives other colors at the same 
time, it must be cdpable of absorbing them. The enei^ of the 
waves absorbed is converted into heat, and warms the object. 
AYben white light strikes an object, it appears white if it reflects 
all the colors. If red light falls npon the same object, it appears 
red, for it is capable of reflecting red ; or it appears green, if 
green light alone falls on it. If white light falls upon an object, 
and all the colors are absorbed except the blue, the object ap- 
pears blue. When we paint our houses we do not apply color 
to them. We apply substances called pigments, that have a 
property of absorbing all the colors except those which we would 
have our houses appear. 

Eizperlment 3. By means of a porte lumi^re introduce a beam of 
light into a dark room. Cover the orifice with a deep red (copper) glass. 
The white light, in passing through the glass, appears to be colored 
red. Does the glass color the light red f 

Eizperiment 4. With the slit and prism form a solar spectrum, and 
between the prism and screen interpose the red glass. All the colors 
of the spectrum instantly disappear except the red. 

It thus appears that a red transparent body transmits only 
red, and absorbs all other colors. No body gives color to light 
that it reflects or transmits. 

§ 346i Sky colorB. — Experiment 1. Dissolve a little white cas- 
tile soap in a tumbler of water ; or, better, stir into the water a few drops 
of an alcoholic solution of mastic, enough to render the water slightly 
turbid. Place a black screen behind the tumbler, and examine the liquid 
by reflected sunlight, — the liquid appears to be blue; examine the 
liquid by transmitted sanshine, — it now appears yellowish red. 

Skylight is reflected light. The particles of atmospheric dust 
(of water, probably) that pervade the atmosphere, like the flne 
particles of mastic suspended in the water, reflect blue light; 
while, beyond the atmosphere, is a black background of darkness. 
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But wu mtwt not, from this, conchide th&t the atmospliere is 
blue ; for, anUke blue glass, but like the turbid liquid, it tnuu- 
mite yellow and red raya freely, 90 tbkt, seen by reflected 
light it is blue, but seen by transmitted light it is yellowish red. 

Elxperlment 2. Pour some of the turbid liquid Into & small test- 
tube, uid examine It and the tumbler of liquid by transmitted light ; 
the (brmer appears almost colorless, while the latter is quite deeply 
colored. 

When the sun is near die horizon, its rays travel a greater 
distance in the air to reach the earth than when it is in the zenith 
(see Fig. 261, p. 356) ; conseqaently, there is a greater loss by 
absorption and reflection in the former case than in the latter. 
But the yellow and red rays suffer less deatmction, proportionally, 
tbau the other colors ; consequently, these colors predominate 
in the morning and evening. 

g 347. Mifing colors. — A mixture of all the prismatic 
eolore, in the proportion found in sunlight, produces white. 
Can white be produced in any other way? 

Kxperlment 1. On a black surfhce A {?lg. 378), aboot i"^ Apati, 
lay two small rectangnlar pieces of paper, one yellow and the other 
blue. In a vertical position between, and ttota 4<b to 
6°" above tbese papers, hold a slip of plate glass C. 
LooklDg obliquely down through the glass yon may 
see the blue paper by trausmitled light and the yet- 
low paper by reflection. That Is, yon see the object 
Itself In the former case and the Image of the object 
in the latter case. By a little manipulation, the 
Image and the object may be made to overlap one 
another, when both colors will apparently disappear, 
and In their place the color which la the result of 
the mixture will appear. In this case It win be 
white, or, rather, gray, which Is white of a low de- 
gree of luminosity. If the color Is yellowlah, 
lower the glass; If bluish, raise It 
Experiment 2. Cnt ont of stiflT drawlng-pqier two circular disks, 
each 16™< In diameter. Faint one with chrome yellow, and the other 
with ultramarine bine. Cnt a radial silt In each, and pass an edge af 
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one sBt throogb the silt of tbe other, and so arrange them that one 
sluU partly conceal the other, leavlug rather more blue exposed than of 
the yellow, as In Ftgnre 279. Attach the disks so combined to some 
apparatus by which they may t>e rapidly Totat«d; for example, to a 
■' color top," such as are sold si toy atorea. Kotate the disks, and the 
colors will be so blended In the eye as to appear gray ; or, If either color 
predominates, arrange the disks so that less of that color will be ex- 
posed. Figure 260 represents " Newton's disk," which contains the 
seven prismatic colors arranged In a proper propordon to produce gray 
when rotated. 
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In a like 
yon may produce white 
by naixing purple and 
green ; or, if any color 
on the circumfereiice 
of the circle (Fig. 282) 
ia mixed witli the color 
exactly opposite, the 
reeulting color will be 
white. Again, thethree 
colors, red, green, and 
violet, arranged as in 
Figure 281, with rather 
lees surface of the 
green exposed thui of 
the other colore, will 
give gray. Green mixed with red, in varying proportions, will 
produce any of the colors between these two colors in the dia- 
gram (Fig. 282); green mixed with violet will produce any of 
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the ooloiTB between them ; and violet mixed with red gives purple \ 
but no two colors mixed will produce any of these three colors. 
Hence, a very widely accepted theory is adopted b}* many, that 
red^ greeny and violet are the three primary color sensations^ and 
that the other colors of the spectrum are simply the products of 
mixtures, in varying proportions, of these three. 

§ 348. Mining pigments. — Bxperlment 1. Mix a little of the 
two pigments, chrome yellow and ultramarine blue, and jou obtain a 
green pigment. 

The last three experiments show that mixing certain colors, 
and mixing pigments of the same name, may produce very 
different results. In the first experiments you actually mixed 
colors ; in the last experiment you did not mix colors, and we 
must seek an explanation of the result obtained. If a glass 
vessel with parallel sides containing a blue solution of sulphate 
of copper is interposed in the path of light which forms a solar 
spectrum, it will be found that the red, orange, and yellow rays 
are cut out of the spectrum, i.e., the liquid absorbs these rays. 
And if a yellow' solution of bichromate of potash is interposed, the 
blue and violet rays will be absorbed. It is evident that, if both 
solutions are interposed, all the colors will be destroyed except 
the green, which alone wUl be transmitted ; thus : — 

Cancelled by the blue solution, ji ^ G B V. 
Cancelled by the yellow solution, R O Y G Jf y. 
Cancelled by both solutions, 'fi ^jt G'jl^jf'. 

In a similar manner, when white light strikes a mixture of 
yellow and blue pigments on the palette, it penetrates to some 
depth into the mixture ; and, during its passage in and out, all the 
colors are destroyed except the green ; so the mixed pigments 
necessarily appear green. But, when a mixture of yellow and 
blue lights enters the eye, we get, as the result of the combined 
sensations produced by the two colors, the sensation of white ; 
hence, a mixture of yellow and blue gives white. 
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§349. Co Wi^xnentary colors.— Bxperiment. On a piece of 
white, or betteK^jgray j^er, lay a circular piece of blue paper 15°»«n in 
diameter. Attach one e&d of a piece of thread to the colored paper, 
and hold the other end in the hand. Place the eyes within about 15<^ 
of the colored paper, and look steadily at the center of the paper for 
about fifteen seconds ; then, without moving the eyes, suddenly pull 
the colored paper away, and instantly there will appear on the gray 
paper an image of the colored paper, — but the image will appear to be 
yellow. This is usually called an after-image. If yellow paper is used, 
the color of the after-image will be blue ; and if any other color given in 
the diagram. Figure 282, the color of its after-image will be the color 
that stands opposite to it. 

This phenomenon is explained as follows : "When we look 
steadily at blue for a time, the eyes become fatigued by this 
color, and less susceptible to its influence, while they are fully 
susceptible to the influence of other colors ; so that when they 
are suddenly brought to look at white, which is a compound of 
3'ellow and blue, they receive a vivid impression from the for- 
mer, and a feeble impression from the latter ; hence, the pre- 
dominant sensation is 3'ellow. Any two colors which together 
produce white are said to be complementary to each other. 
The opposite colors in the diagram, Figure 282, are complement- 
ary to one another. 

§ 350. Effect of contrast. — When any two colors given in 
the circle. Figure 282, are brought in contrast, as when they 
are placed next one another, the effect is to move them farther 
apart. For example, if red and orange are brought in contrast, 
the orange assumes more of a yellowish hue, and the red more 
of a purplish hue. Colors that are already as far apart as pos- 
sible, e.g.^ yellow and blue, do not change their hue, but merely 
cause one another to appear more brilliant. 

§ 351. Color produced by interference.— Experiment 1. 

lu a vise or other convenient instrument, press two clean pieces of 
thick plate glass firmly together. A number of colors will be seen 
arranged in a certain order, and forming curves more or less regular 
around the point of pressure. 
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Kxperlment 2. Fslot one aide of a piece of wioMw gUss witb In- 
dU Ink so M to render It qnlte opaqne; then, when-drir with the point 
of a needle rule fifteen to twenty parallel lines In the Ink, about 2™ 
apart, cutting qnlte through the ink, ao that light ma; pass throngb the 
wratches. Now stand at a distance or ten feet or more from a keroslne 
or gas flame, and look throDgh the glass with one eye at the flame. 
<-<1fie on ; move the glass to and fVx>in the eye slowly, so as to properly 
rrH'uti It, and yon will see many spectra of the Qame on each side of It, 
Ki-parated by dark Intervals. 

Experiment 8. Place the ruled glass In the path of a beam of light 
thrown Into a dark room by a porU lumiirr, and project an im^e of the 
glass on a screen by means of a convex lens of two to five inches fbcal 
length, and you will obtain a series of beautiful spectra. 



If in the path of the beam a red glass is interposed, a large 
number of altematiag red aod dark lines may be obtained, though 
the experiment is a difficult one. Let us study the last result. 
Let the series of parallel lines AB (ETg. 288) represent the 
series of waves constituting the beam of light before it strikes 
the ruled glass CD ; and EP, the portions of the same waves 
tliat succeed in passing through the scratches, GH and MN, 
The wave-lengths and the width of tiie scratches, etc., are 
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immensely exaggerated in the diagram. Now, if you watch 
waves of water as they beat against an obstacle rising above its 
surface, you will see that part of their enei^ is expended in 
forming a new set of waves, which we will call secondary waves^ 
radiating from the obstacle and winding around behind it. In a 
similar manner, secondary waves of light are generated at the 
edges of obstacles against which light grazes. This apparent 
bending of the waves of light round the edges of opaque bodies 
receives the name of diffraction. Sections of such waves are 
represented in the diagram as crossing the original or primary 
waves at certain points, and also one another, behind the obsta- 
cle M. The continuous lines represent one phase of the waves, 
and the dotted lines the opposite phase, as crest and trough. 
Now, it will be seen that at certain points (denoted by heavy 
dots) which lie in the same line as o&, the primary and secondary 
waves meet in similar phases ; and the consequence is, that the 
point b of the screen OP is illuminated by the combined action 
of the two sets of waves. But at other points (denoted by 
small crosses), as cd, the opposite phases of the two sets of 
waves coincide with one another, and the result is that they^ 
tend to neutralize one another ; and consequently the point d 
of the screen is deprived of light, and a dark line occurs at 
this place. In a similar manner the points A, i, J, etc., are 
illuminated by the joint action of the two sets of waves, while 
the points 6, /, ^, etc., are deprived of light by their mutual 
destruction. Such will be the result when monochromatic light, 
or light of one wave<-length is used, as is approximately the case 
when we interpose the red glass. But if white light, or light 
of various wave-lengths is used, it will happen that those 
places which are deprived of red light will receive light of 
other colors ; hence the color effects produced when white light 
passes through the ruled glass. Of course waves are generated 
at the points G and N, as well as at the points H and M, but 
they are omitted for the sake of simplicity. This figure illus- 
trates only in a very incomplete way the complex phenomena. 
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Such experiments as the above ftimish a very strong argument 
for the wave theory of light, since two lights piodace darkness 
apparently in a manner analogous to that in which two sounds 
produce sik^nce. 

Thin, transparent films of varying thickness, such as the film 
of a soap bubble, are well suited to show the effects of inter- 
ference of light. Some of the light which strikes the anterior 
surface of the film is reflected ; another portion enters the film, 
and is reflected from the posterior surface ; but, by travelling 
twice through the film, the wave loses ground, so that, on emer- 
gence, its phases may or may not correspond with the phases 
of the former portion: this will depend evidently upon the 
thickness of the film at a given point, and the length of the 
waves striking that point. In this manner the phenomena ob- 
tained in the first experiment are explained; the film in this 
case is the layer of air between the two surfaces of glass. 

Colors are produced by reflection firom the surfaces of thin transpar- 
ent films of all kinds ; for example, the colors of the soap bubble, of oil 
on water, of the thin coating of metallic oxide formed in temx>ering 
steel, the changeable colors of the peacock's feathers and of certain 
insects* wings, the colors seen in cracks in glass and ice, are all colors 
of thin films. The halos seen around the moon or a street lamp on a 
misty evening, and the rainbow tints seen bordering the eyelashes 
when, with eyes partially closed, you look at a strong light, are exam- 
ples of colors produced by diffraction. 

Waves of light which emanate from the points H and M, 
Figure 283, travel equal distances to reach the point % on the 
screen ; but to reach the point ^, the waves from H must travel 
just one-half of a wave-length farther than the waves from M : 
and to reach the point J, they must travel just one wave-length 
farther. Hence, if we can ascertain the difference betweeii the 
two distances, H^ and M^, we obtain the wave-length for that 
color. In this manner the wave-lengths given in § 386 were 
ascertained. 
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liVm. DOUBLE REFRACTION AND POLARIZATION OF 

LIGHT. 




Fig. 285. 




§ 352. Double refraction. — Ebcperiment. Through a card 
make a pin-hole, and hold the card so that you may see skylight through 
the hole. Now bring a crystal of Iceland spar, Figure 284, between 
the eye and the card, 
and look at the hole 
through two parallel 
surfaces of the crys- 
tal. There will appear 
to be two holes, with 
light shining through 
each. Cause the crys- 
tal to rotate in a plane 
parallel with the card, 
and one of the holes 
will appear to remain nearly at rest, while the other rotates around the 
first. A ray of light na immediately on entering the crystal is divided 
into two parts, one of which obeys the regular law of refraction ; the 
other does not. The former is called the ordinary ray; the latter, the 
extraordinary ray. The rays issue from the crystal parallel with one 
another. In all crystals which produce this phenomenon there is one 
direction, and in some two directions, in which, if an object is looked 
at through the crystal, it does not appear double. If all the edges 
of a crystal of Iceland spar are equal, and it is cut by two planes near 
each extremity of the line A B, which connects the two opposite solid 
obtuse angles, and at right angles to it, as shown in Figure 285, ob- 
jects viewed in this line, or in any line parallel with it, do not appear 
double. 

In every direction in which one looks through the crystal, 
except parallel to AB, objects seen through it appear double. 
(See Fig. 286.) The Hue AB is called 
the optic axis of the crystal, and is a line 
around which the molecules of the crystal 
appear to be arranged symmetrically. A 
crystal is called uniaxial when it has only 
one optic axis, and biaxial when it has two such axes. Crystals 
of many other substances possess the property of causing objects 
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seen through them to appear double. This phenomenon is called 
dotihle refraction. 



Fig. 287. 



Fig. 288. 






§ 353. Polarization. — Slices of crystals of the mineral 
tourmaline, cut in planes parallel with their axes, are prepared 
and sold for optical experiments. If two of these slices simi- 
larly situated, as in 
Figure 287, are placed 
between the eye and a 
card pierced by a hole, 
the hole will be plainly 
visible. But if one of 
the slices is slowly rotated in a plane at right angles with the 

Fig. 289. beam of light, the hole 

'° will grow dimmer until the 
slice has passed through 
a quarter of a revolution 
(as represented in Figure 
288), when it disappears. If the rotation is continued, the hole 
reappears, faint at first, but at the end of another quarter- 
revolution it reaches its maximum brightness. Thus, at each 
quarter-revolution it is alternately extinguished and restored. 

It appears, then, that light which has passed through' one 
transparent slice of tourmaline differs so much from common 
light, that a second similar slice may act like an opaque body, 
and stop it altogether. The action of the tourmaline may be 
compared to that of a grating (A, Fig. 289) formed of parallel 
vertical rods, which will allow all vertical planes (as aa') to pass, 
but stops the planes (as cc') that are at right angles to these rods. 
Any plane that has succeeded in passing one grating will readily 
pass a second similarly placed. But if the second grating B is 
turned so that its rods are at right angles to the first, the plane 
that has succeeded in getting through the first grating will be 
stopped by the second. Light, in this condition, is said to be 
polarized; polarization is either the act of producing the change 
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in the light, or the result ot the change, and the inBtniment used 

is upolarixer. 

In order to understand this phenomenon, it is necessaJT to 

know more of the un- "«•»>■ 

dolatory theory of light. I 

This theory supposes 
that the nndnlations in 
ether irhich constitute ' 
light are much like undulations in a cord when one end is shaken 
by a hand, as seen in Figure 290. If the hand moves vertically, 
all the undulations will lie in a vertical plane ; if the movements 
of the hand are horizontal or oblique, the undulations lie in 
corresponding planes. So we can produce these waves on .the 
rope in any plane passing through the rope, and can change 
rapidly from one plane to another. These waves appear differ- 
ently when viewed from different sides. If we could look end- 
wise at a ray of light for an instant, it is believed tfrat we should 
see the ether partjclee vibrating, as in the figure of the rope, in 

Fig. »J. 



one plane ; but in only a thousandth of a second so many million 
waves reach the eye, that there is time for the vibrating par- 
ticles, which, like the hand, start the waves, to vibrat« in many 
planes. In an ordinary beam of light, as it reaches the eye, 
there are therefore undulations in all possible planes, as is par- 
tjally represented by the cross section A, Figure 291. But any 
motion may be considered as the effect of two forces that would 
produce motions in directions at right angles to one another. 
So here, for many practical purposes, the vibrations may be 
regarded an taking place in only two seta ot planee at ligh 
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angles to one another, as represented by B of the same figure. 
Now, when a ray of light, oonsistmg, acoordmg to sapposilion, of 
undulations in planes at right angles to one another, strikes a slice 
of tourmaline, its molecular structure allows those undulations 
which are in planes parallel with its axis to pass through, but 
it absorbs those undulations that are in planes at right angles 
to its axis. By this means the undulations are reduced to those 
in parallel planes only, as represented in C. The unaided eye 
cannot usually detect any difference between common and pc^aj- 
ized light. An instiniment which will enable the eye to detect 
polarized light is called an analyzer; thus the first slice of tour- 
maline serves as a polarizer, and the second slice as an analyzer. 
A complete polarizing apparatus, called a polariscope^ used for 

ji^ 292. observing the phenom- 

ena of polarized light, 
consists essentially of a 
polarizer and an ana- 
lyzer. 




The favorite analyzer is 
the Nicol prism, which consists of a crystal of Iceland spar divided 
diagonally, as AB, Figure 292, and the two surfaces cemented together 
again with Canada balsam. The extraordinary ray CE, falling upon the 
transparent balsam, passes through it ; but the ordinary ray CN strikes 
the balsam at a greater than its critical angle, and is therefore reflected 
out of the crystal, and thus got rid of. Now, when polarized light 
enters this prism in one position, it will pass freely through it, but if 
the prism is turned 90^, none will pass through. In the example given 
above, light is polarized by absorption. 

§ 354. Polarization by double refraction and by reflec- 
tion. — If light which has undergone double refraction, as in 
passing through a crystal of Iceland spar, is examined with an 
analyzer, it is found that both the ordinary and the extraordi- 
nary rays are completely polarized in planes at right angles to 
each other. Again, light reflected obliquely from smooth sur- 
faces, such as water, glass, and polished furniture, etc., is found 



DESCRIPTION OF A SIMPLE POLARISCOPE. 



387 



on examinatioii to be partially polarized. There is a definite 
angle of incidence at which the maximum polarizing effects arc 
produced. This angle varies with different substances. With 
glass it is 55^ ; with water, 53^. 

§ 356l Description of a simple polariscope. — D (Fig. 293) 
is a plate of glass, about 15<™ square, used as a polarizer. A is the 
analyzer, — preferably a Nlcol 
prism, — so placed as to view the ** 

center of the glass at the proper 
polarizing angle (about 55°). The 
prism may be mounted in a cork, 
and the whole should be free to 
rotate in its support. S is a piece 
of ground glass used to cut off 
the images of outside objects. 6 
is a glass shelf, on which objects 
to be examined are placed. The 
instrument, covered with a black cloth, is placed on a table with S 
toward a window. The prism can be obtained of any dealer in optical 
apparatus. 

§ 356. Colors by polarization.— Experiment. Place on the 
support G a thin film of selenite or mica, and slowly rotate the analyzer. 
A beautiful display of colors wUl appear. At a certain point they will 
appear of maximum brilliancy, then they will gradually fade away and 
change into their complementaries. 

This is really a phenomenon of interference, brought about 
through the combined agency of the object examined and the 
polariscope. If a piece of plate glass, subjected to pressure by 
means of a screw-clamp, or a piece of unannealed or poorly 
annealed glass, — a glass stopper, for example, — is examined, 
it will exhibit analogous phenomena. 
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LIX. THERMAL EFFECTS OF RADIATION. 

§ 387. Diathermancy and athermanoy. — What becomes 
of radiations that strike a body depends lai'gely upon the char- 
acter of the body. If the nature of the body is such that its 
molecules can accept the motion of the ether, the undulations 
of ether are said to be absorbed by the body, and the body is 
thereby heated ; that is, the undulations of ether are trans- 
formed into molecular motion or hecU. A good illustration of 
this is the experiment with blackened glass, page 325. On the 
other hand, the unblackened glass allows the radiations to pass 
freely through it, and very little is transformed into heat. 
Notice how cold window-glass may remain, while radiations 
pour through it and heat objects within the room. It must be 
constantly borne in mind, that only those radiationa that a body 
al)8orb8 heat it; those that pass through it do not affect its tem- 
perature. Bodies that transmit radiant heat freely are said to 
be diatJiermanxyus^ while those that absorb it largely are called 
atJiermanous, The most diathermanous solid is rock salt. 
Among the most athermanous solids are lamp-black and alum. 
Carbon bisulphide, among liquids, is exceptionally transparent 
to all forms of radiation; while water, transparent to short 
waves, absorbs the longer waves, and is thus quite athermanous. 

Experiment 1. Bring the bulb of an air thermometer into the 
focus of a burning-glass exposed to the sun's rays. The radiation 
concentrated on the enclosed air scarcely affects this delicate instru- 
ment. 

Experiment 2. Cover the outside of the bulb of the air thermom- 
eter with lamp-black and repeat the last experiment. The lamp-black 
absorbs the radiant heat, and the heat conducted through the glass to 
the enclosed air raises its temperature and causes it to expand and 
rapidly push the liquid out of the stem. 

Dry air is almost perfectly diathermanous. All of the sun's 
radiations that reach the earth pass through a layer of air, from 
fifty to two hundred miles in depth, which contains a vast 



DIATHERMANCY AND ATHERMANCT. . 389 

amoant of aqueous vapor. This vapor, like water, is compara- 
tively opaque to long waves ; hence it modifies very much the 
character of the radiations which reach the earth. This fact, 
together with what we have learned from Exp. 2, enable us 
to understand the method by which our atmosphere becomes 
heated. First, a very considerable portion of the radiant energy 
which comes to us from the sun, in the form of relatively long 
waves, is stopped by the watery vapor in the air, which is, in 
consequence, heated. Most of that which escapes this absorp- 
tion heats the earth by falling upon it. The warmed earth loses 
its heat, — partly by conduction to the air, still more largely by 
radiation outward. The form of radiation, however, has been 
greatly changed ; for now, coming from a body at a low temper- 
ature, it is chiefly in long waves that the energy is transmitted ; 
while, as we have seen, it was largely in the form of short waves 
that the earth received its heat. But it is exactly these long 
waves which are most readily stopped by the atmosphere ; hence, 
the atmosphere, or rather the aqueous vapor of the atmosphere, 
acts as a sort of trap for the energy which comes to us from the 
sun. Remove the watery vapor (which serves as a " blanket " 
to the earth) from our atmosphere, and the chill resulting from 
the rapid escape of heat by radiation would put an end to all 
animal and vegetable life. Glass does not screen us from the 
sun's heat, but it can very effectually screen us from the heat 
radiated from a stove or any other terrestrial object. Glass is 
diathermanous to the sun's radiations (simply because they 
have already lost most of the very long waves by atmospheric 
absorption) , but quite athermanous to other radiations. This 
is well illustrated in the case of hot-beds and green-houses. 
The sun's heat passes through the glass of these enclosures, 
almost unobstructed, and heats the earth; but the radiations 
given out in turn by the earth are such as cannot pass out 
through the glass, hence the heat is retained within the enclo- 
sures. 
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§ 3SB. All bodies radiate heat. — Hot bodies usuaUy part 
with their heat much more rapidly by radiation than by all other 
processes combined. But cold bodies, like ice, radiate heat even 
when surrounded by warm bodies. This must be so from the 
nature of the case, for the molecules of the coldest bodies 
possess some motion, and being surrounded by ether, they can- 
not move without imparting some of their motion to the ether, 
and to that extent become themselves colder. 

§ 359. Theory of Exchangres. — Let us suppose that we 
have two bodies, A and B, at different temperatures, — A warmer 
than B. Radiation takes place not only from A to B, but from 
B to A ; but, in consequence of A's excess of tepaperature, more 
heat passes from A to B than from B to A, and this continues 
until both bodies acquire the same temperature. At this point 
radiation by no means ceases, but each now gives as much as it 
receives, and thus equilibrium is kept up. This is known as 
the " Theory of Exchanges." 

§ 360. Qood absorbers, gfood radiators. — Experiment. 

Select two small tin boxes of equal capacity, — one should be bright out- 
side, while the other should be covered thinly with soot from a candle 
flame. Cut a hole in the cover of each box large enough to admit the 
bulb of a thermometer. Fill both boxes with hot water, and introduce 
into each a thermometer. They will register the same temperature at 
first. Set both in a cool place, aud in half an hour you will find that 
the thermometer in the blackened box registers several degrees lower 
than the other. Then fill both with cold water, and set them in front 
of a fire or in the sunshine, and it will be found that the temperature 
in the blackened box rises fastest. 

As bodies differ widely in their absorbing power, so they do 
in their radiating power, and it is found to be universally true 
that good absorhers are good radiators^ and had absorbers are 
bad radiators. Much, in both cases, depends upon the charac- 
ter of the surface as well as the substance. Bright, polished 
surfaces are poor absorbers and poor radiators ; while tarnished, 
dark, and roughened surfaces absorb and radiate heat rapidly. 
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Dark clolhing abeorbe and radiates heat more rapidly than light. 
(Which is better to wear at all seasonB? Why? Why are cee- 
tain parts of steam engines kept scnipalously bright? ) 

§ 3SL Dew. — It requires no elaborate experiments to show 
that some bodies radiate heat more rapidly than others. All 
natore testifles to this every still, clondleas Bummer night. Dur- 
ing the day objects on the earth's surface receive more heat by 
radiation than they lose, but as soon as the sun has set tliis 
is reversed. Then everything begins to cool as its heat is radi- 
ated into space. Objects becoming cool, the air in contact with 
them becomes (bulled ; its watery vapor condenses, and collects 
in tiny liquid drops on their surfaces. But these dew-drops 
collect much more abundantly on certain things, such as grasses 
and leaves, than on others, such as stones and earth. The 
reason that it does not collect on the latter so freely, is because 
of their poor radiating power ; they do not get cool as rapidly. 



UX. SOME OPTICAL INSTBUMBNTS. 
1362. Compound mioroBOOpe.—The simple microscope 
was described on page S62. When it is desired to magnify an 
object more than can be done conveniently and with distinct- 
ness by a single lens, two convex lenses are used, — one (O, 
Fig. 294) called tlie otfject-giats, to form a magnified real unagF 
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A'B' of the object AB ; uid (be other (E) called the ege-glau, 
to magnil^ this inuge BOthftt the image A'B' appears of the size 
A"B". In the same sense as we look at the object with one 
lens when we use a simple microscope, here we look at A'B'. 

$ 363k Aatroaomlool telesoope. — The astronomical re- 
Tracting telescope consists essentially, like the compound micro- 
scope, of two lenses. The object-glass (0, Fig. 295) forms a 
real diminished irn^e ab of the object AB ; this image, seen 
through the eye^hus E, appears magnified and of the size cd. 
The object-glass is of large diameter, in order to collect as 
much light as possible from a distant object for a better illnmi- 
nation of the image. Some idea of the power of some of our 



best telescopes may be obtained from the fact that Mr. Clark 
of Caiiibridgeport has made a telescope of such m^ni^ing 
power, and possessing such distinctness of definition, that a ball 
two inches in diameter, and two hundred and fifty miles distant 
(about the distance between Boston and New York), would be 
distinctly visible as a body of perceptible dimensions, if properly 
illuminated. 

§364. Photographer'B oamera.— The pAoto^mpAer'8 cam- 
era, or camera ohsowra, of which AB, B'igure 296, represents a 
vertical section, consists of a dark box punted blw^ on the 
interior. A screen of ground glass S forms a partition in the 
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box. A sliding tabe T contains a convex lens L. If an object 
D is placed some distance in front, and the distance of the lens 
from the screen is suitably adjusted, a distinct, real, and inverted 
image can be seen upon the screen by looking through the 
aperture C. When the image is properly focused, the photo- 
grapher replaces the ground glass plate by a sensitized plate, 
and tiie chemical power of the sun's rays paints a true picture 
of the object on this plate. 

Fig. 296. 




Fig. 297. 



The huxnaJl eye. — Figure 297 represents a horizontal 
section of this wonderful organ. Covering the front of the eye, like a 
watch-crystal, is a transparent coat 1, 
called the eom«a. A tough membrane 
2, of which the cornea is a continna- 
tlon, forms the outer wall of the eye, 
and is called the sclerotic coat, or 
*» white of the eye." This coat is 
lined on the Interior with a delicate 
membrane 8, called the cTioroid coca ; 
the latter is covered with a black 
pigment, which prevents internal 
reflection. The inmost coat 4, called 
the retina, is formed by expansion 
of the optic nerve O. The front of 
the choroid coat ii is called the iris ; 
its color constitutes the so-caUed 

*^ color of the eye." In the center of the iris is a circular opening 5, 
called the pupU, whose function is to regulate, by involuntary enlarge- 
ment and contraction, the quantity of light admitted to the Interior 
chamber of the eye. Just back of the Iris Is a tough, elastic, and 
transparent body 6, called the crystalline lens. This lens divides the 
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eye into two chambers; the anterior chamber 7 is filled with a limpid 
liquid, called the aqueous humor; the posterior chamber 8 is filled with 
a jelly-like substance, called the vitreous humor. 

The eye is a camera obscura, in which the retina serves as a 
screen. Images of outside objects are projected by means of 
the crystalline lens, assisted by the re&actiye powers of the 
humors, upon this screen, and the impressions thereby made on 
this delicate network of nerve filaments are conveyed by the 
optic nerve to the brain. If the two outer coatings are removed 
fh>m the back part of the eye of an ox, recently killed, so as to 
render it somewhat transparent, true images of whole land- 
scapes may be seen formed upon the retina of the eye, when it 
is held in front of your eye. With the ordinary camera, the 
distance of the lens from the screen must be regulated to adapt 
itself to the varying distances of outside objects, in order that 
the images may be properly focused on the screen. In the eye 
this is accomplished by changing the convexity of the lens. We 
can almost instantly and involuntarily change the lens of the 
eye, so as to form on the retina a distinct image of an object 
miles away or only a few inches distant. The nearest limit at 
which an object can be placed, and form a distinct image on the 
retina, is about five inches. On the other hand, the normal eye 
in a passive state is adjusted for objects at an infinite distance. 
Curious enough, the retina on carefhl examination is found to 
be covered with little projections which have received, trom. 
their appearance, the names of rods and cones. These project 
from the nerve fibres very much like nap ftom the threads of 
velvet. It is thought that these rods and cones receive and 
respond to the vibrations of light ; in other words, that they 
CO- vibrate with the undulations of the ether, and thereby we get 
our sensation of light. 

§ 366. Chromatio aberration. — There is a serious defect 
in ordinary convex lenses, to which we have not before alluded, 
called chromatic aberration^ which has required the highest skill 
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of man to correct. The coDvex lenB both refraxts and disperseg 
the Ught that passes throngh it. The tendency, of course, is to 
bring the more refiwigible rays, as the violet, to a focus much 
sooner than the less refrangible rays, such as the red. The 
result is a dis^reeahle coloration of tiie imi^es that are formed 
by the lens, especially by that portion of the light that pasaes 
through the lens near its edges. This evil has been overcome 
very effectually by combining with the convex lens a plano-con- 
cave lens. Now, if a crown-glass convex lens is taken, ^- ^^■ 
a flint-glass concave lens may be prepared that will 
correct the dispersion of the former without neutralizing 
all its refraction.' A compound lens, composed of these 
two lenses (Fig. 298) cemented tt^ther, constitutes what 
is called an achromcUie lens. 



S 367, Stereopticon. — This instrument is extensively em- 
ployed in the lecture-room for prodncing on a screen magnified 
images of small transparent pictures on glass, called tiides; 
also for rendering a certain class of experiments visible to a 
large audience by projecting them on a screen. The light most 
commonly used is the lime light, though the electric light is pre- 
ferred for a certain class of projections. The flame of an oxyhy- 
drogen blow-pipe A, Figure 299, is directed against a stick of 
lime B, and raises it to a white heat. The light of the lime is 
converged — by means of a convex lens c, called the condensing 
lens (usually two plano-convex lenses are used) — upon the slii' 

^ Tbe re'rAcLivc tnd dlip«nlve poiren of Ihe two I«qae8 Brv Dot pmportloiuJ, 
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D, and strongly illuminates it. In front of it is placed another 
convex lens £ (or a system of lenses) , called the projecting lens. 
The latter lens produces (or projects) a real, inverted, and 
magnified image of the picture on the screen S. The mounted 
lens £ may be slid back and forth on the bar F, so as properly 
to focus the image. (For useful information relating to the 
<>l)eration of projection, see Dolbear's Art of Projection.) 
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The area of this flgnre is a square dedmeter. 
A cube of water, one of whose sides is this area, 
is a cabic decimeter or a liter of water, and at the 
temperature of 4* C. weighs a kilogram. The 
same volume of air at 0" C, and under a pressure 
of one atmosphere, weighs 1.293 grams. The 
gram is the weight of !«• of pure water at 4" O. 
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SECTION A. 

Metric system of measures. — The term metric is derived from 
the word metery which is the name of the fmidamental unit employed 
in this system for measuring length, and from which all other units 
of the system are derived. The meter is, approximately, the ten- 
millionth part of the distance from the Equator to the North Pole. 
Defined by law, it is the distance at 0^ C. between two lines engraved 
on a platinum bar kept in the Paris Observatory. The gram is theo- 
retically the mass of !« of distilled water at 4P C. By law it is j^ 
of the mass of a piece of platinum preserved in the same observatory. 
At Washington are kept exact copies of the meter and other metric 
measures. 

The following tables contain all the requirements of this book. The 
pupil will find more complete tables in any good arithmetic. 

TABLE OF LENGTHS. 

10 millimeters (™™) = 1 centimeter (""). 
10 centimeters = 1 decimeter (<*™). 

10 decimeters = 1 meter (™). 

1000 meters = 1 kilometer (>»«). 

TABLE OF AREAS. 

100 square millimeters («»>"») = i square centimeter (<»«»). 
100 square centimeters = 1 square decimeter (q*™)- 

100 square decimeters = 1 square meter (q™). 

1,000,000 square meters =1 square kilometer (Q^m). 
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TABLB OF V0LUMB8. 



1000 cubic mUlimeten C*"^) = 1 cubic centimeter (•*™or •*). 
1000 cable centimeters = 1 cubic decimeter («^™). 

1000 cubic decimeters = I cubic meter («>"). 

The volumes of liquids and gases are either expressed in the nnits 
uf the above table or in liters. The liter is l*'^", or 1000^. 



TABLE OF MASSES OB WEIOHTS. 

10 milligrams (™>) = 1 centigram («). 
10 centigrams = 1 decigram (<>>). 
10 decigrams = 1 gram (<). 

1000 grams = 1 kilogram or kilo (}). 



TABLE OF EQUIVALENTS. 

1 inch = 0.0254 meter, or about 2| centimeters. 
1 foot = 0.8048 meter, or about 80 centimeters. 
1 yard = 0.9144 meter, or about |f meter. 
1 mile = 1609.0000 meters, or about 1^ kilometers. 

1 U.S. gallon = 8.785 liters, or about 8^ liters. 

, J avoirdupois ^««r,^ __ j 0.02886 kilo, ^^ ^♦k^, j less 

^^ Troy and apothecaries' o'l^*^® - i 0.08110 kilo, ^rramer^; ^^^ 



than 80 grams. 
1 avoirdupois pound = 0.45859 kilo, or about ^ kilo. 

When great accuracy is not required, it will be found convenient to 
remember that 

centimeters X { = inches (nearly) ; 
inches X ) = centimeters (nearly) ; 

5 meters = 1 rod (nearly) ; 

also, kilos X V = pounds (nearly) ; 

pounds Xif^ = kilos (nearly). 
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Outtins fflaSB. — Bottoms of glass bottles may be cut off, and 
plate glass maj be easily cut in any pattern desirable, by observing the 
following directions. Procure an iron rod B, Fig. 300, 35°° long and 
7miii in diameter, and insert one end in a wooden handle C, and let the 
exposed end be filed to a smooth surface. With a pointed piece of soap, 
trace a line on the glass where you would cut; and, if it is a bottle 
that is to be cat, file a short gash A (to a depth varying with the thick- 
ness of the glass) 

in the bottle in the '^**"- 

direction of the 
line drawn. Heat, 
in » Bunsen flame, 
the free end of the. 
rod to a bright re<l 
heat (the hotter 
the better), and 
apply the heated 
end to the glass, as 

in the figure, about 1*™ from (me extremity of the gash for (say) about 
five seconds (longer if the glass is very thick; not, however, long enoi^ 
to crack the glass), and then quickly apply it in the same manner to 
the other extremity of the gash, as D, aiid hold it firmly till you see 
a fine crack creeping toward the rod ; then slowly move the rod along 
the traced line, and the crack will follow faithfully the movements 
of the rod. If plate glass is to be cut, file a small gaah E in one 
edge ; and, commencing with this gash as before, you may cut in the 
glass a circle, or any design you desire. To bore holes in glass, make 
a thick paste by partially dissolving gum camphor in spirits of tur- 
pentine ; nip off a short piece from the end of a small rat-tail file, 
and, keeping the ragged end wet with the paste, you can readily bore 
a hole by empk^ing stzong pressuie, and by a twisting movement as 
in boring. 
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SECTION C. 



TABLES OP SPECIFIC GRAVXTIES OF BODIES. 
[The Btandard employed in the tahles of solids and liquids is diBtilled water at 4* C] 

I. Solida. 



Antimony 6.712 

Bismuth 9.822 

Brass 8.380 

Copper, cast 8.790 

Iridium 23.000 

Iron, cast 7.210 

Iron, bar 7.780 

Gold 19.360 

Lead, cast 1 1.350 

Platinum 22.069 

Silver, cast 10.470 

Tiu,cast 7.290 

Zinc, cast 6.860 

Anthracite coal 1.800 

Bituminous coal 1.250 



Diamond 3.530 

Glass, flint 3.400 

Human body 0.890 

Ice 0.920 

Quartz 2.660 

Rock salt 2.257 

Saltpetre 1.900 

Sulphur, native 2.033 

Tallow 0.942 

Wax 0.969 

Cork 0.240 

Pine 0.650 

Oak 0.845 

Beech 0.862 

Ebony 1.187 



II. Liquids, 



Alcohol, absolute 0.800 

Bisulphide of carbon 1 .293 

Ether 0.723 

Hydrochloric acid 1.240 

Mercury 13.698 

Milk 1.032 

Naphtha 0.847 



Nitric acid 1.420 

Oil of turpentine 0.870 

OUve oil 0.915 

Sea water 1.026 

Sulphuric acid 1.841 

Water, 4° C. , distilled ... 1 .000 

Water, 0° C. , distilled ... 0.999 



III. Gases, 

[Standard : air at 0" C. ; barometer, 70».] 



Air 1.0000 

Ammonia 0.5367 

Carbonic acid 1.5290 

Chlorine 3.4400 

Hydrochloric acid 1.2540 



Hydrogen 0.0693 

Nitrogen 0.9714 

Oxygen 1.1067 

Sulphuretted hydrogen . . 1.1912 
Sulphurous acid 2.3474 
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SECTION D. 



TABLE OF NATURAL TANGENTS. 



Deg. 


Tangent. 


Deg, 


Tangent, 


Beg, 


Tangent. 


Deg. 


Tangent. 


1 


.017 


24 


.445 


47 


1.07 


70 


2.75 


2 


.035 


25 


.466 


48 


1.11 


71 


2.90 


3 


.052 


26 


.488 


49 


1.15 


72 


3.08 


4 


.070 


27 


.510 


50 


1.19 


73 


3.27 


5 


.087 


28 


.532 


51 


1.23 


74 


3.49 


6 


.105 


29 


.554 


52 


1.28 


76 


3.73 


7 


.123 


30 


.577 


53 


1.33 


76 


4.01 


8 


.141 


31 


.601 


54 


1.38 


77 


4.33 


9 


.158 


32 


.625 


55 


1.43 


78 


4.70 


10 


.176 


33 


.649 


56 


1.48 


79 


5.14 


11 


.194 


34 


.675 


57 


1.54 


80 


5.67 


12 


.213 


35 


.700 


58 


1.60 


81 


6.31 


13 


.231 


36 


.727 


59 


1.G6 


82 


7.12 


14 


.249 


37 


.754 


60 


1.73 


83 


8.14 


15 


.268 


38 


.781 


61 


1.80 


84 


9.51 


16 


.287 


39 


.810 


62 


1.88 


85 


11.43 


17 


.306 


40 


.839 


63 


1.96 


86 


14.30 


18 


.325 


41 


.869 


64 


2.05 


87 


19.08 


19 


.344 


42 


.900 


65 


2.14 


88 


28.64 


20 


.364 


43 


.933 


66 


2.25 


89 


57.29 


21 


.384 


44 


.966 


67 


2.36 


90 


Infinite. 


22 


.404 


45 


1.000 


68 


2.48 






23 


.424 


46 


1.036 


69 


2.61 
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SECTION E. 



Galvanometer. — A gatvanometer that wUl answer sufficiently 
well all the purposes of this book can be eaaily and cheaply prepared 
as follows : Make a wooden frame A (Fig. 301), 10™ square and 
2.5™ thick, joined by wooden or brass pins in grooves; on it wind 50 
to 80 tnms (J lb.) insulated No. 16 wire in three layore, leaving 1™ 
space in the center (in the figure tbia space ia exaggerated in order 
to show the position of the needles), and insert the extremities in the 
brass screw-cups L and K. In this frame insert a copper or brass 
wire D, carrying a cork £, which supports a silk fibre F and a strip of 

Fig. 301. 




ttr 



paper G. Magnetize a, large sewing-needle H, and insert in the paper, 
as in the figure ; also insert a small copper wire I in the paper for a 
pointer, and suspend the whole so that the needle will swing ft«ely 
between the upper and lower windings of wire, and the pointer will be 
just above the coils. Prepare a graduated cbcle on a card M, having 
a hole in the center through which to pass the needle, and lay it on the 
coil. To prevent disturbance from currents of air, cover the whole 
with a frame N, having a glass plate laid over its top. Connect the 
battery wires with the screw-cups L and K. The cost of material need 
t. exceed 75 cente. 
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SECTION F. 



Kind of battery to use. — Several things must be considered 
in the selection of a battery for a particular use. Among the most 
important of these are the intensity of current required, and the 
servioe required; i.e., whether continuous, temporary, or occasional 
currents are wanted. The cost is of consequence, but that must be 
governed mainly by the preceding considerations. In the following 
arrangement, preferences are given to the several batteries by num- 
bers, in the order in which they occur against the several uses 
specified : — 



1. Smee. 

2. Leclanche. 
8. Gravity. 



NAMES OF BATTERIES, ETC. 

4. Daniell. 

5. Grenet. 

6. Bunsen or Grove. 



7. Magneto or dy- 
namo machines. 

8. Thermo-batteries. 



USES CELLS ARE SUITED FOR. 

Strong, Continuous Currents. 

Electrotypiug or Electro-plating 7, 4, 1, 3. 

Electro-magnets 3, 4, 1. 

Electric light 7, 6. 

Telegraph (closed circuit) 3, 4. 

Temporary. 

Induction coils 6, 6, 4, 3. 

Medical coils 6, 1. 

Occasional. 

Annunciators, domestic bells 2, 1, 3, 4. 

Exploding Aises 2, 4. 

Electrical measurements (constant current) 8, 4, 3. 
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8B0TION G. 

Apparatus to illustrate wave-motion. — The most efficient 
apparatus for this purpose that we have seen may be constructed as 
follows. Procure forty wooden return-balls (sold at toy stores) ; sus- 
pend them by strings (better, fine wires) about 1^ long, as in Figure 
302, and about 7^ apart. Connect all the balls horizontally by small 

Fig. 802. 




elastic cord (better, small spiral wire coil), and connect the ball at one 
extremity of the series with a suspended weight B (weighing about 
1^) , ai^d from the ball at the other extremity suspend a small we^ht 
A, which may be easily removed when desirable. By a simple vibra- 
tion given with the hand to A, a wave, as CD, will be projected 
through the series, and on reaching B will be reflected ; though when 
reflection is wanted, B had better be replaced by a hook attached to a 
walL 



SECTION H. 

Porte Lumifere. —Two half-sections of a tube A and B (Fig. 80S) 
may easUy be sawn from a block of pine wood. These glued together 
At their edges make the tabe C. 
This tube is 20™ long and 15™ in __^^^ ^'' "^ 
diameter, with a bore of 11™ diam- 
eter. Raise a window-saeh about 
50™, and fit a board D just to fill 
the opening. In the middle of tikis 
board cut a hole just large enough 
to receive the tube, and allow it to 
tnm in the hole freely. Attach a 
bolt E to the board D, and about 
12™ from one end of the tube bore 
a row of holes around the tube, 
1™ in depth and about 1™ apart, 
to reeeiTS the bolL By means of a 

hinge, attach to the outer edge of the tube a board G, 80™ long, 14™ wide, 
and 1.5" thick. A mirror F, 2a™ long and 12™ wide, is fastened by 
tacks with large heads to the upper surface of this board. A stout 
strii^ attached to one of the long edges of the board b carried through 
the tube and fastened to a binding screw H. When the minor is to 
be adjusted so as to receive the sun's rays and reflect them through the 
tube, rotate the tube, and raise or depress the mirror by means of the 
string, BO as to adapt it to the position and elevatiou of the sun in the 
heavens, and then fasten by means of the bolt and string. A win- 
dow on the tovtk ude of a building should be selected for experiments 
with this apparatus. The portion of the window not occupied with 
the board D, as well as other windows not in use, may be darkened 
with curtains of black enamelled cloth. The whole cost of the above 
apparatus need not exceed fl.OO. 
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CHAPTER I. 
MATTER AND ITS PROPBRTIB8. 



I. INTBODUCTION. 

An experiment is a question put to Nature. 

By experiment we learn that invisible air, like matter, and 
like nothing else with which we are acquainted, can displace 
matter {e.g.^ a bubble), exert pressure, and has weight ; hence, 
we conclude that air is matter, and that matter can exist in an 
invisible state. 

No visible body of matter, however compact it may appear, 
ever fills the space enclosed by its surface ; but every visible 
body is a collection of countless smaller bodies called moleculeay 
separated by invisible spaces called pores. Every molecule is 
in motion, and this motion is such as to prevent permanent 
contact between one another. 

By the imass of a body we understand the quantity of matter 
in it ; and by its density, the mass in a unit volume. , 

Substances whose molecules can be separated into molecules 
differing in substance from the original molecules are called 
compound. Substances whose molecules have never been so 
separated are called simple. There are known only about 71 
of the latter, and an innumerable number of the former. 

Any change in a body that does not cause a change of sub- 
stance is a physical change. A change of substance is a chemi- 
cal change.. 
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Matter is nowhere created, nowhere annihilated. The mass 
of the universe is constant. 

The tendency which matter possesses to push and to pvM is 
called force. Whatever tends to produce or alter motion is 
force. It is manifested only in pushes and pulls. 

Forces are classified as molecular or molar ^ according as they 
act between molecules or larger bodies ; attractive or repellenty 
according as they are manifested in pulls or pushes. 

When, by external force, the molecules of a body are brought 
nearer together, it is said to be compressed or covidensed ; if they 
are brought together by internal forces, the body is said to con- 
tract, and if they are separated by internal forces, it is said to 
expand. 

n. THREE STATES OF MATTER. 

Any substance may exist in any one of three states, — solid, 
liquid, or gaseous. 

Oeneral diaracteristics of matter in the solid state : Immobil- 
ity of the molecules, and permanence of shape. 

Liquid state : Greater mobility of the molecules, easily poured, 
and shaped by the containing vessels. 

Gaseous stale : Almost perfect freedom of motion of the mole- 
cules ; unlimited tendency to expand ; great compressibility. 

Owing to their tendency to flow, both liquids and gases are 
called fluids. 

The state which a body assumes depends on temperature and 

pressure. 

III. PHENOMENA OF ATTRACTION. 

The force of attraction which exists between all bodies at 
distances however great is called the force of gravity, and the 
phenomenon is called gravitation. Weight is a term applied 
to the measure of this force as exerted between the earth and 
terrestrial objects. Weight varies as the mass, and with the 
distance from the centre of the earth. At the same place, 
weight is proportional to the mass. 
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When attraction is molecular, and between like molecules, it 
is called cohesion; wlien between unlike molecules, it is called 
cuihesion. 

When a body of matter in a solid state exhibits method in 
the an-angement of its molecules, it is said to be crystalline; 
otherwise, amorphous. Matter crystallizes, usually, while pass- 
ing from the liquid to the solid state. 

A theory, suggested as a possible explanation of the cause of 
crystallization, is based upon the hypothesis that the molecules 
of crj'stalline matter possess something akin to polanty, in which 
case the molecules would tend to arrange themselves somewhat 
as iron filings do when they possess polarity. 

Hardness is due to some peculiar action (not well understood) 
of cohesion, that enables a body to resist another body tending 
to scratch it. 

When molecular forces tend to restore a body to its original 
shape and volume after having 3'ielded to some force, they are 
called elastic forces^ and the body is said to possess the property 
of elasticity. 

Substances which tend to break rather than suffer a permanent 
alteration in form are said to be brittle. 

Substances which, though brittle when a force is applied sud- 
denly, will suffer a permanent change in form if subjected to a 
gradual and long-continued stress, are called viscous. 

All substances in the solid state possess, to some extent, the 
property of fluidity^ and hence are more or less flexible^ malle- 
able, and ductile. This implies, also, that they possess a power 
of preventing rupture when subjected to a pulling force. This 
power, due to cohesion, is called tenacity. 

Liquids ascend or are depressed in capillary tubes according 
as the adhesion between the liquid and the tubes is greater or 
less than the cohesion in the liquids. For the four laws of 
capillary action^ see page 36. 

A liquid will dissolve a solid when the adhesion is greater 
than the cohesion. 
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AbsorptioD of gftses bj solids is caused diiefly by molecalar 
attraction, and is said to be superJScial when the gases are 
taken into the eaviiies of solids, and iniermolecular when taken 
into the pores. 

Absorption of gases by liquids is intermolecolar, and is 
caused both by attraction of the mokcnles and their incessant 
motion. 

Diflbsion of liquids is caused mainly by the motion of their 
molecules. 

Osmose, or the diflfusion of liquids through porous septa, is 
imperfectly understood, though it is supposed that adhesion be- 
tween the liquids and the septa is the chief agent. 

Diffbsion of gases depends almost wholly on molecular motion. 
All gases diffuse regardless of the force of gravity. 

Osmose depends on the size of molecules, size of pores, and 
on molecular motion ; very complex. 



CHAPTER II. 
DYNAMICS. 

IV. DYNAMICS OF FLUIDS. 

Dynamics treats of force and motion. When several forces 
so act on a body as to neutralize one another's effect, both the 
forces and the body are said to be in equilibrium. A body in 
a state of rest or uniform motion is in equilibrium. 

(Can absolute rest or uniform motion exist except there 
is absolute equilibrium? Is there any body known to be in 
a state of absolute equilibrium, i.e., in equilibrium with refer- 
ence to all external forces ?) 

When a pushing force is resisted, i.e., when any portion of 
the force is not effective in producing motion, there results a 
pressure. Under similar conditions a pulling force causes 
tension. (The word tension is also applied to the expansive 
power of gases.) 

At every point in a body of fluid, gravity causes pressure to 
be exerted equally in all directions. In gases the pressure 
increases vrith the depth ; in liquids, as the depth. 

The average sea-level atmospheric pressure (and consequently 
the tension of the air at this level) is 1033.3* (about 1^) per 
square centimeter, or 14.7 lbs. (about 15 lbs.) per square inch. 
An atmosphere (when the term is used to denote pressure) is 
the pressure of 1^ per squai*e centimeter. An}- instrument 
which will measure atmospheric pressure is a barometer. 

Mariotte's or Boyle's Law : At the same temperature the 
volume of a body of gas varies inversely as the pressure, 
density, or elastic force. 

In consequence of the mobility and peifect elasticity of fluids. 
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any pressure exerted on a given area of a fluid enclosed in a 
vessel is transmitted undiminished to every equal area of the 
interior of the vessel. In the hydrostatic (or hydraulic) press 
we have a practical application of this principle. 

The pressure on the bottom or sides of a vessel, due to the 
gravity of the liquid which it holds, depends on the depth and 
area of the surface pressed upon, and the density of the liquid, 
and is independent of the shape of the vessel and the quantity 
of liquid. 

The pressure upon any portion of a vessel is the weight of a 
column of that liquid whose base is the area of the portion 
pressed upon, and whose hight is the average depth of that 
portion. 

The free surface of a body of liquid, at rest, partakes of the 
sphericity of the earth, but for most practical purposes may be 
regarded as level. 

V. BUOYANT FORCE OP LIQUIDS. 

A solid immersed in a fluid is buoyed up by it in consequence 
of the unequal pressures upon the top and bottom at their dif- 
ferent depths, and the amount of buoyancy (or the apparent 
loss of weight of the solid) is the weight of a body of that fluid 
whose volume is equal to the volume of the solid. A floating 
solid displaces its own weight of fluid. The absolute weight of 
a body is its weight in a vacuum. 

VL DENSITY AND SPECIFIC GRAVITY. 

The specific gravity of a substance is the ratio of the density 
of that substance to the density of another substance taken as 
a standard. It is found by dividing the weight of a given 
volume of the substance by the weight of an equal volume of 
the standard. (In finding the specific gi*avity of solids and 
liquids, state various methods of ascertaining the weight of an 
equal volume of the standard.) 
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VII. MOTION. 

Motion and rest are wholly relative terms, i.e., they are 
applicable to an object only when considered in connection with 
some other object. There is no such thing as absolute rest in 
the universe. 

Velocity is given in units of space and time. 

Motion is uniform or varied. Varied motion is accelerated 
or retarded. We may conceive of uniform motion though it 
nowhere exists. 

Vni. FIRST LAW OF MOTION. — INERTIA. 

Motion always arises from mutual action between at least 
two bodies, and cannot originate in an object isolated from all 
others. 

Motion in a body is caused only by another body's parting 
with some of its power of producing motion. 

Bodies receive motion gradually and part with it graduall3\ 

No body possesses any innate power to change its condition 
with reference to motion or rest. It is sometimes convenient to 
speak of this complete absence of power as a property of matter, 
under the name of inertia. 

First Law of Motion. — A body at rest remains at rest 
(why?), and a body in motion moves with uniform velocity 
(why?) in a straight line (why?), unless acted upon by some 
external force to change its condition. 

IX. SECOND LAW OF MOTION, AND APPLICATIONS. 

Second Law of Motion. — A given force has the same effect 
in producing motion, whether the body on which it acts is in 
motion or at rest ; whether it is acted upon by that force alone, 
or by others at the same time. 

It is usually possible to substitute for two or more forces a 
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single force which will produce the same result as the oombined 
forces. Such a force is called a reauUant. 

The resultant of two forces acting at an angle to each other 
may be represented by a diagonal of a parallelc^ram, of which 
the components form two adjacent sides. 

Any single force may be resolved into two or more compo- 
nents. 

The resultant of parallel forces having the same direction is 
their sum ; the resultant of two parallel forces acting in opposite 
directions is motion in the direction of the greater force propor- 
tionate to their difference. 

When two parallel forces having the same direction act upon 
a body at different points, the distances of their points of 
application from the points of application of their resultant are 
inversely as their intensities. 

A pair of forces, equal, parallel, opposite, and applied at 
opposite extremities of an object, produces onty rotation, and is 
called a couple. A couple has no resultant and no equilibrant 

X. CENTER OF GRAVITY. 

The center of gravity of a body is the point of application of 
the resultant of the forces of gravity acting on its molecules. 
To support any body, it is only necessary to provide an equi- 
librant for this resultant, and to apply it at some point in the 
line of direction. Whether a body will stand or fall depends 
upon whether its line of direction falls within its base, ».€., 
whether its support is applied in the line of direction. 

A body tends to assume a position such that its e.g. will be 
as low as possible, and when in such position it is said to be in 
stable equilibrium. When a disturbance would lower its eg., it 
is said to be in unstable equilibrium; and when disturbance 
would not lower or raise its e.g., it is in netUral equiUbrium. 
A broad base and low e.g. give stability to a body. 
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XI. CURVILINEAR MOTION. 

A cnrved line is one whose direction changes at every point. 
To produce curvilinear motion, a continuous (why continuous?) 
force must be applied at an angle (why?) to its otherwise 
straight path. (See First Law of Motion.) Centrifugal force 
is the result of the tendency of a body to move in a straight 
line; centripetal force is the force which compels it to depart 
ftorn a straight line. 

Centrifbgal force increases as the mass and the square of the 
velocity ; hence, to produce circular motion, the centripetal 
force must increase as the mass and the square of the velocity. 

XII. ACCELERATED AND RETARDED MOTION. 

A body impelled by a single constant force, and encounter- 
ing no. resistance, always has a uniformly accelerated motion. 
A moving body, encountering constant resistances, has uni- 
fomUy retarded motion. The acceleration or retardation per 
unit of time is represented by k (or ^, when the force is gravity). 

Formulas for uniformly accelerated motion : — 

(1) V = (iA;x2T) = A;T 

(2) «=}A;(2T-1) 

(3) S = JA;T2 

Hence, velocity varies as the time, and the entire distance trav- 
ersed as the square of the time. 

The acceleration due to gravity in the Northern States, near 
the sea level, when there are no resistances, is {g) 9.8" (or 16i 
ft.) per second. This is the measure of the force of gravity at 
these places. 

All bodies, of whatever mass, density, or substance, fall with 
equal velocities in a vacuum. (Why?) 

The horizontal distance attained by a projectile is its range or 
random. The greatest range is obtained at an angle a little 
less than 40^. 
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A body projected horizontally, with any velocity, will reach 
the ground in precisely the same time that it would if dropped 
vertically. (Why?) 

Xni. THE PENDULUM. 

The time of vibration of a pendulum varies inversely as the 
number of vibrations. 

The time of vibration and the number of vibrations are inde- 
pendent of both the mass and the length of arc. 

The time of vibration and the number of vibrations depend 
upon both the length of the pendulum and the force of gravity. 

The time of vibration varies as the square root of the length 
of the pendulum. 

The number of vibrations varies inversely as the square root 
of the length of the pendulum. 

The time of vibration varies inversely as the square root of 
the force of gravity. 

The number of vibrations varies as the square root of the 
force of gravity. 

The length of a pendulum is the distance from the point 
of suspension to its center of oscillation. These two points are 
interchangeable. 

The center of percussion is coincident with the center of 
oscillation. 

XIV. MOMENTUM.— THIRD LAW OF MOTION. 

Momentum is the product of mass, multiplied by velocity ; or. 
it is the product of force, multiplied by the time during which it 
acts. 

Third Law of Motion, To every action there is an equal and 
opposite reaction. 

The momentum of the reaction is equal to the momentum of 
the action. 

Law of Reflection. — When the striking body and the body 
struck are perfectly elastic, the angle of reflection is equal to 
the angle of incidence. 
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XV. WORK.— ENERGY. 

Work is done whenever force acts through space. It is 
estimated by multiplying resistance by the space, or force by the 
space through which it acts. It is commonly expressed in kilo- 
grammeters or foot pounds. 

In estimating the rate of doing work, or the power of an 
agent to do work, time is taken into consideration. The unit 
employed is a horse-power, which is a power capable of doing 
33,000 ft. lbs. = 4,570'««» per minute. 

Power to do work is called energy. 'Every moving body 
possesses energy due to its motion ; energy due to motion is 
called kinetic energy. A body may possess energy due to an 
advantage of position given it by work done upon it. Energy 
due to position is called potential. Potential energy becomes 
kinetic on the return of bodies to their original positions. 

Formtdaa for energy : 

(1) Energy = *11- ; 

(2) Energy = ^. 
But, since W= M^, 

g 

hence, in using the second formula, the value of M must be found 
by dividing W by g. 

Force may be measured by the change of momentum it pro- 
duces in a second. 

In the C.G.S. system, the centimeter, gram, and second are 
taken as the units of distance, mass, and time respectively, and 
in it the dyne is the unit of force. A dyne is a force which, 
acting for a second, will give to a gram of matter a velocity of 
one centimeter per second. 
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In the gravitation system the term gram (or poand, etc.) is 
applied to both mass and force. 

In the C.G.S. system the unit of work is the erg. The eig 
and kilogrammeter measure both work and energy, or power to 
do work. An erg is the work done, or the energy imparted, by 
a force of one dyne working through a distance of one centi- 
meter. 

Energy may be transformed from one condition to another, as 
fh>m kinetic to potential ; or, from one variety to another, as 
from heat to mechanical or molar motion. 

Physics treats of transferences and transformations of energy. 

XVL MACHINES. 

Advantages of machines : (1) They enable us to exchange 
power for velocity, or velocity for power. (2) They enable us 
to employ a force in a direction which is more convenient than 
the direction in which the resistance is to be moved. (3) They 
enable us to employ other forces than our own in doing work. 

Law of Machines : The work applied to a machine is equal 
to the effective work plus the internal work done by the machine. 
The useful work done by a machine is less than the work done 
upon the machine. In a perfect machine they would be equal. 
None exists. 

In every machine P : W :: W :p ; i.e., The power and resist- 
ance vary inversely as the distances they respectively travel. 



CHAPTER III. 

MOLBOULAR BNBRGhY. - HEAT. 

XVII. WHAT HEAT IS. — SOME SOURCES OF HEAT. 

Two theories of heat have successively prevailed, viz. : (1) 
that heat is matter; (2) that it is motion. Molar motion is 
convertible into heat, and heat is convertible into molar motion. 
It is scarcely conceivable that motion can be converted into 
matter, or matter into motion. But it is a matter of everyday 
observation, that when motion of one kind (or thing) ceases, 
motion of another kind (or thing) takes its place. Conclusion : 
heat is motion, i.e., molecular motion ; this implies the existence 
of kinetic energy. 

Molecules may possess potential energy, which becomes kinetic 
during chemical action, i.e., the clashing together of molecules 
in consequence of affinity, thereby generating heat, as in com- 
bustion. This is the origin of animal heat and muscular motion. 
The sun is the ultimate source of nearly all the energy at man's 
command. 

Temperature is determined by the average kinetic enei^y of 
the individual molecule ; quantity of heat, by the average 
kinetic energy of the individual molecule multiplied by the 
number of molecules. 

XIX. DIFFUSION OF HEAT. 

Heat is diffused by conduction^ convection^ and radicUion. 
(Explain the first two. How is ventilation usually accomplished ? 
By which method do we receive heat from the sun? Why not 
by either one of the other two methods ?) 
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XX. EFFECTS OF HEAT. — EXPANSION. 

Effects of heat: Expansion, liquefaction, vaporization, change 
of temperature, and specific heat in part. 

(In what state is matter least expansive? Why? In what 
state is the coefficient of expansion the same for all substances? 
What is the coefficient? State an exception to the general rule 
that matter expands with a rise of temperature.) 

XXI. THERMOMETRY. 

Change of temperature is measured by expansion. A ther- 
mometer measui*es expansion, hence it measures temperature. 

(State the method of construction and graduation of a mercury 
thermometer. What kind of thermometer is more sensitive 
than a mercury thermometer? Why?) 

Formulas for conversion of thermometer readings : 

|(F - 32) = C ; f C + 32 = F. 

Absolute temperature is reckoned from an absolute zero, or 
state of no heat. It may be found by adding 273 to the C. 
reading, or 460 to the F. reading. 

Law of Charles : The volume of a given body of gas at a 
constant pressure varies as its absolute temperature. 

Conversely, the tension of a given body of gas, whose volume 
is constant, varies as its absolute temperature. 

Mariotte's Law : At a constant temperature, the volume of a 
given body of gas varies inversel}' as the external pressure. At 
a constant temperature, the product of the volume and tension 
of a given body of gas is constant. The product of the volume 
and tension of a body of gas varies as its absolute temperature. 

The tension of a body of gas is due to the kinetic energy of 
its molecules. 
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XXn. LIQUEFACTION AND VAPORIZATION. 

See laws of fusion and boiling, page 161. 

Distillation, or the separation of mixed liquids b}* vaporiza- 
tion, is conducted on the principle that the temperature of the 
boiling points of diflferent substances differs. 

The rapidity of evaporation varies with the temperature 
(why?), amount of surface exposed, and dryness of the atmos- 
phere, and inversely with the pressure upon the liquid. Dew- 
point is the temperature of the atmosphere when saturated with 
watery vapor. The atmosphere is dry when the difference 
between its temperature and dewpoint is great. The term dry- 
ness^ when applied to the atmosphere, signifies capacity for 
receiving more moisture, and does not necessarily imply defi- 
ciency of moisture. 

[The molecules of every body of liquid are in motion. The 
distances traversed by the molecules in the interior of a 
body are limited by the proximity of neighboring molecules on 
all sides. When they reach the free surface of the bod3', they 
are not subject to this restraint, and more or less of them 
depending upon the temperature (i.e., the energy of their move- 
ments) , become released from the force of cohesion and pass 
off as a vapor. Tliis is evaporation. On the other hand, mole- 
cules of the vapor, resting upon the liquid surface, beat against 
It, and, it is supposed, become entangled in it and thus return 
to the liquid state. When the number of molecules which thus 
return to the liquid state equals those which escape, the space 
above the liquid is said to be saturated.'] 

XXill. HEAT CONVEHTIBLE INTO POTENTIAL ENERGY, 

AND VICE VERSA. 

Heat is measured in calories ; temperature, in degrees. A 
calorie is the quantity of heat required to raise the temperature 
of 1* of water from 0' to V C. 
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E^ty calories are consnroed in converting one kilogram of 
ice into water. Five hundred and thirt3'-seven calories are con- 
sumed in converting I'' of water at 100^ C. into steam. In the 
first case, the heat is consumed in doing interior work, such as 
neutralizing, in part, the force of cohesion. In the second 
case, the larger portion (aliout -ff ) of the heat is consumed in 
the interior work of oompletel}' overcoming cohesion, and the 
remaining portion {^) in the exterior work of overcoming 
atmospheric pressure. 

The temperature of a body is reduced, either by imparting 
heat to a colder bod}', or by the consumption of its heat in doing 
work. By the latter method artificial cold is produced. The 
work done is usually that of melting or dissolving some solid, 
vaporizing a solid or liquid, or producing expansion in a gas 
against resistance. (Give illustrations of each.) 

Heat which is consumed in melting, dissolving, and vaporiz- 
ing, is restored when the opposite changes occur. (Explain.) 

XXIV. SPECIFIC HEAT. 

Equal quantities of heat applied to equal weights of different 
substances raise their temperatures unequally. In the case of 
solids and liquids, this is explained by the fact that a portion of 
the heat applied is always consumed in doing internal work ; and 
since in different substances the amount consumed in doing 
work varies, consequently the amount of heat left to raise the 
temperature of different substances must vary. 

The number of heat units required to raise a body V C. is 
called its capacity for heat. 

The specific heat of a body is the ratio of its capacity for heat 
to that of an equal weight of water. 

Hydrogen gas has the greatest capacity for heat. Water ranks 
next. 
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XXV. THERMO-DYNAMICS. 

A definite quantity of mechanical work can produce a defi- 
nite quantity of heat ; and conversely, this heat can perform 
the original amount of work. One calorie is equivalent to 
424^«" of work. The quantity, 424*«", is called the mechanical 
equivalent of heat. 

Doctrine of correlaiion of energy: Any kind of enei^ can be 
converted into any other kind. 

Doctrine of conservation of energy : When one form or kind 
of enei^ disappears, an exact equivalent of another form or 
kind always ti^es its place, so tliat the sum total of energy in 
the universe is constant. 

XXVI. STEAM ENGINE. 

A steam engine is a machine by means of which a portion of 
the motion of the molecules of steam (i.e., its heat) is trans- 
formed into molar or mechanical motion. 

In a non-condensing engine, a large amount of energy is 
wasted in producing motion against the resistance of atmos- 
pheric pressure. 



CHAPTER IV. 
BLBOTBIOITY. 

XXVIL CUBRENT ELECTRICITY. 

Jast as a difference of level is necessary to prodace a current 
of water, and a difference of temperature to cause a flow of heat, 
so a difference of electrical condition, called a difference of 
potential^ is necessary to cause a flow of electricity. To estab- 
lish the necessary conditions in each case (i.e., difference of 
level, etc.) energy must be expended. On the other hand, the 
return of each to its normal condition or state of equiUbrium is 
attended with the development of enei'gy. The constant expen- 
diture of chemical potential energy in a voltaic cell causes a 
constant inequality of potential, and this in turn causes a con- 
stant tendency to equalization of potential thi*oughout the cii^cuit; 
in other words, a continuous current. 

As the sti*ess (called force of gravity) between an elevated 
body of water and the earth is the cause of the so-called water- 
power, so it is probable that a stress between two parts of a 
body having different potential is the cause of a power usually 
called electro-motive force. 

The greater the disparity between the two solid elements of 
a voltaic cell with reference to the action of the liquid on them, 
the greater the difference of potential or electro-motive force 
of the cell ; hence, the stronger the cun*ent. 

The office of a voltaic battery ia to create ineqtudity of poten- 
tial^ i.e., to generate electro-motive force. 

The zinc element generally needs to be amalgamated to pre- 
vent local action and consequent!}' a waste of energy. 

Hydrogen ought not to be allowed to collect on the electro- 
negative plate, as it offers a resistance to the current, but 
chiefly because it tends to reduce the difference of potential 
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between the two plates, and thereby redaoe the cnirent. This 
may be prevented by either mechanieal or chemical action. 

The effects of electricity are heating, lominous, electrolytic, 
physiological, and magnetic. 

XXX. ELECTRICAL MEASUBEMENTS. 

Upon the strength of the current depends the magnitude of 
these effects. By the strength of the current is meant the 
quantity of electricity which flows through a circuit in a unit of 
time. The voltameter and galvanometer measure the strength 
of the current. In the tangent galvanometer the strength of 
current is proportional to the tangent of the angle of deflection. 

Ohm's Law : The strength of the current varies as the electro- 
motive force, and inversely as the resistance in the entire circuit; 
i.e., an effect is directly proportional to that whick tends topro' 
duce Uy and inversely proportional to that which tends to oppose it. 

Resistance varies as the length, and inversely as the squares 
of the diameters of cylindrical conductors. 

When the external resistance is much greater than the 
internal, it is best to connect cells ^^ tandem" in order to 
increase the electro-motive force. When the internal resistance 
is greater than the external, the cells should be connected 
^* abreast" in order to diminish the internal resistance. When 
the external and internal resistances are nearly equal, it may be 
best to connect them in both ways. 

In a circuit having a given eactemal resistance the grecUest 
possible efficiency is obtained from a given, battery when the eX' 
temal and internal resistances are about equal. 

XXXI. MAGNETS AND MAGNETISM. 

Law of Maonsts : Like poles repel, unlike poles attract one 
another. 

The laws op currents on which Ampere's theory of magnets 
is based are as follows : Parallel currents in the same direction 
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attract ono another; parallel currents in opposite directions 
repel one another. Angular currents tend to become parallel 
and flow in the same dii*ection. 

Ampdre*s theory assumes that there are constant currents 
circulating around the molecules of every magnetizable sub- 
stance, and that the resultant of these forces in a magnet is the 
same as though '^ a sheet of currents" circulated around the 
.magnet as a whole. The deflection of the magnetic needle is 
due to the tendency of angular currents to become parallel. 

The attractions or repulsions of the poles of magnets are due 
to the attractions or repulsions of parallel currents according as 
they flow in the same or opposite directions. 

The earth's magnetism is probably due to the circulation of 
currents around the earth, from east to west, in planes at right 
angles to its axis. Substances which are attracted by a magnet 
are called paramagnetic; those which are repelled are called 
diamagnetic^ 

XXXII. MAGNETO-ELECTRIC AND CURRENT INDUCTION. 

When Amp^rian cun-ents (i.e., a magnet) or a battery cur- 
rent approaches a neighboring closed circuit, a momentary 
current is induced in this circuit opposite in direction to the 
inducing current } when carried away, a current is induced in 
the same direction as the primary or inducing cun*ent. The 
same happens whenever in one of two neighboring circuits a 
current is started or stopped by making or breaking the circuit. 
At these instants not only are secondary or induced currents 
sent through the neighboring circuit, but, likewise, corresx)Oiiding 
euiTents are induced in its own circuit. The latter are called 
extra currents. 

: BrmfLy^ any Tnagnetic or electrical disturbance in the neighbor- 
hood of a circuit will induce currents in that circuit. 

.The currents established b!y magneto and d}n[iamo machines 
are induced currents. : Induced currents have high tension^ i.e., 
great power of overcoming resistances. 
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XXXIII. THERMO-ELECTRICITY. 

When two different metals so connected as to form a circuit 
are brought in contact, and heated or cooled at the junction, a 
thei*mo-electric current is established. 

The electro-motive force, and consequently the strength of the 
current, depends upon the elevation or depression of tempera- 
ture at theu* junction, and upon the metals employed. 

XXXIV. FRICTIONAL ELECTRICITY. 

Friction between two bodies, especially if they are composed 
of unlike substances, tends to produce a difference of potential 
in the bodies. As long as the bodies remain in tliis condition 
they are said to be electrified or chained with electricity ; one 
with positive, the other with negative electricity. Electricity in 
this condition is said to be static. On the return of either to 
its normal potential a discharge is said to occur, a cun*ent is 
established, and the electricity for the time being is said to be 
dynamic As commonly understood, an electrified body is one 
that has a different potential from that of the earth, and is said 
to be positively electrified when its potential is higher than that 
of the earth, and negatively electrified when lower than that of 
the earth. Similarly-electrified bodies repel one another ; dis- 
similarly-electrified bodies attract one another. [Phenomena 
of electric attraction and repulsion arc thought by many to be 
phenomena of ether-^ress, or of ^'action at a distance" through 
the medium of ether.] 

An electrified body brought near a body whose potential is 
zero tends to electrify it by induction, causing the part of the 
body nearest itself to be of a different potential from itself, 
while the remote part of the bod}', if it is insulated, becomes of 
like potential. The electricity in the former case is said to be 
bounds while the latter is /ree, since, if the insulated body is 
connected with the eaith, a discharge of the latter occurs ^ in 
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other words, the location of this potential is transferred to the 
earth. 
Electrification is confined to the surface of a body. 

XXXV. ELECTRICAL MACHINES. 

By means of the so-called electrical machines mechanical 
energy is transformed into electric energy. These machines 
are capable of producing a great change in potential, con- 
sequently their electro-motive force is great, but their internal 
resistance is so great that the strength of current they are 
capable of yielding is extremely small, and consequently they 
are of little practical value. 

The phenomena of electricity in a statical state are limited to 
those of attraction and repulsion. All other efiTects are produced 
by electricity in the dynamical state, and the magnitude of the 
effects generally varies as the square of the current. 

No one knows what electricity is. [It is not "a form of 
energy."] For practical purposes, it suffices to regard it as a 
medium for communication of energy, and to know the laws to 
which it is subject. 

XXXVI. USEFUL APPLICATIONS OF ELECTRICITY. 

These are well-nigh innumerable. Some of the more impor- 
tant are those pertaining to medical and surgical operations, 
electric lighting, electrotyping, electroplating, telegraphy, tele- 
phony, and the production of mechanical motion through the 
instrumentality of electro-motors in great variety. [One of the 
most recent applications is that of storing energy, as in the so- 
called storage-batteries. Energy of any kind, e,g, water-power 
of any of the great water-falls, may be transformed into electric 
energy, and the latter may be transformed into potential energy 
and stored in these batteries. These batteries may be trans- 
ported to distant places, and the potential energy restored to 
electric energy, and made to do any species of work.] 



CHAPTER V. 
SOUND. 

XXXYUL VIBRATION AND WAVES. 

A vibration is a recurrent change of position. The propaga- 
tion of a vibration through a series of particles produces wave 
motion. A succession of such propagations produces a wave- 
line. Only the wave-form advances. The distance between 
any point on one wave and a similarly situated point on its 
successor or predecessor is a wave-length. The greatest dis- 
tance which a particle reaches from its median position is the 
amplitude of the vibration or wave. The distance traversed 
by a given wave in one second is the velocity of propagation. 
If V be the velocity, I the wave-length, and n the number of 
waves per second, 

i; = nZ, n =3 --, and Z = -. 
/ n 

When a given particle is subjected simultaneously to two or 
more impulses, due to two or more trains of waves, the motion 
of the particle is the resultant of the several impulses, and the 
phenomenon is called interference. Interference may intensify 
or nuUif}^ motion. In cords, membranes, etc., it may result in 
vibration in segments, or stationary vibrations, the points of 
least vibration being called nodes ^ the points of greatest motion, 
antinodes, and the portion between two nodes, a ventral seg- 
ment or loop. 

Waves are longitudinal or transverse, according as the par- 
ticles vibrate in the same plane with the path of the wave, or 
across it. 

Wttve motion is one of the most common and most important 
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methods of transmission of energy. Elasticity is essential in a 
medium, that it may transmit waves made up of condensations 
and rarefactions ; and the greater the elasticity, the greater the 
facility and the rapidity with which a medium transmits waves. 

XXXIX. SOUND-WAVES. 

Sound is vibration that may be appreciated by the ear, and 
originates in a vibrating body. It is transmitted by wave 
motion, and therefore cannot travel in a vacuum. 

XL. VELOCITY OF SOUND. 

The velocity of sound in gases varies as the square root 
of their elasticity, and inversely as the square root of their 
densities. 

XLI. REFLECTION AND REFRACTION OF SOUND. 

Sound-waves are reflected in accordance with the general law 
of reflection. Echoes are the result of reflected sound-waves. 

When the form or direction of a wave is altered in consequence 
of changing media of different densities the phenomenon is called 
refriiction, 

XLIL LOUDNESS OF SOUND. 

Loudness, which is a measure of the intensity of a sensation, 
varies with the intensity of sound, but there are many reasons 
why they are not exactly proportional. 

The intensity of sound varies as the square of the ampli- 
tude of the vibrations of the sounding body. It is also affected 
by the density of the medium in which it is produced, being 
weaker when originating in a rare medium. The intensity of 
sound varies inversely as the square of the distance from the 
source. When sound is re-enforced or intensified by interfer- 
ence the phenomenon is called resonaiMie. Re-enforcement is 
produced by means of sounding-boards, columns of air,'etc. 
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When one vibrating body canses another bodj havii^ the 
same vibration period to vibrate, the vibrations of the latter are 
called sympathetic vibratiojis. They represent the aocamnlated 
effect of a series of impulses transmitted from the branding body 
through the sound medium to the body thus caused to vibrate. 

When a vibratile body is compelled to surrender its own 
vibration period and to vibrate in an arbitrary manner imposed 
upon it by another, the phenomenon is known as forced vibrO' 
tions. 

The sensation of noise is caused by irregularity in the im- 
pulses received by the ear and by its inability to distinguish 
pitch. Regularity and simplicity are characteristics of musical 
sound. 

XLin. PITCH OF SOUND. 

Fitch depends upon vibration-frequency or wave-length ; the 
greater the number of vibrations per second, or the shorter the 
wave-length, the higher the pitch. The siren is one of many 
instruments used to determine vibration-frequency. 

A wavy sound caused by interference of sound waves is 
known by the name of becUs. The number of beats per second 
due to two simple tones is equal to the difference of their 
respective vibration-numbers. Beats are one of the chief causes 
of discord. 

XLIV. VIBRATION OF STRINGS. 

The vibration-f)*equency of strings of the same material varies 
inversely as their lengths and the square roots of their weights, 
and directly as the square roots of their tension. 

XLY. OVERTONES AND HARMONICS. 

Sounds proceeding from instruments vibrating in parts are 
called overtones. If the vibration-number of the overtone 
bears some simple ratio to the vibration-number of the funda- 
mental, the overtone is called a Jiarmonie. 
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Crenerally, only those notes harmoDize whose fundamental 
tones bear to one another ratios expressed by small numbers ; 
and the smaller the numbers which express the ratios of the 
rates of vibration, the more perfect is the harmony. 

XLVL QUALITT IN SOUND. 

Quality, or that property of sound which enables us to dis- 
tinguish different sounds having the same pitch and intensity, is 
shown both by analysis and synthesis to depend upon what 
overtones combine with its fundamental, and on their relative 
intensities ; or, briefl}*, upon the form of vibration. Sounds 
differ only in intensit}', pitch, and quality. The manometric 
flame apparatus is well suited to illustrate these three properties. 

XLVm. SOME SOUND-RECEIVING INSTRUMENTS. 

The ear is a mechanical contrivance for the transmission of 
vibration to the organs of sensation. For example, the aerial 
waves cause forced vibrations in the outer membrane or tym- 
panum; these are communicated by a chain of bones to the 
membranous walls of the vestibule, and thereby to the liquid 
contained in the cavity. The bristles suspended in this liquid 
take up and analyze the vibrations, much as when we sing into 
a piano with the dampers down, only those strings respond 
which are in unison with the sound produced by the voice. 
The bristles stir the nerve filaments connected with them, and 
the nerve transmits to the brain the impressions received. 

XLIX. MUSICAL INSTRUMENTS. 

In pipes the vibration-frequency varies inversely as its 
length. When the fundamental of an open pipe is sounded its 
air-column divides itself into two equal vibrating sections with 
a node in the center, hence an open pipe should be twice as 
long as a closed pipe to produce the same pitch. 



CHAPTER VI. 

RADIANT ENERGY. -LIGHT. 

L. INTRODUCTION. 

That we receive energy from the sun, and that nearly all the 
energy employed by man came from the sun, is certain. The 
average amount of energy received by the earth is estimated to 
be 83 fl.-lbs. per square foot of surface per second of time 
(Daniell). This energy appears to be transmitted in the form 
of wave-motion. This method of transmission, or indeed any 
method, would seem to require a medium for its transmission. 
The hypothetical medium has received the name of ether^ and 
this method of transmission is called radiation. Radiant 
energy manifests itself as heat, light, or chemism according to 
the object upon which it acts. Light is the vibration of ether 
that may be appreciated by the organ of sight. 

Luminous bodies are seen by the light which they emit; 
illnminated bo(ties, by the light which they reflect. Every point 
of a luminous body emits light in every direction. 

The intensity of light diminishes as the square of the dis- 
tance from the source increases. (Why?) 

The apparent size of an object diminishes as its distance 
from the eye increases. (Why?) 

The velocity with which light traverses interplanetary space 
is about 186,000 miles per second. 

LHI. REFLECTION OF LIGHT. 

Light is so reflected that the angle of reflection is equal to 
the angle of incidence. Owing to the greater or less roughness 
of the surfaces of all objects light becomes by reflection more or 
less scattered or diffused. 
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The amouDt of light i*eflected from a smooth surface in- 
creases rapidly with the angle of incidence. 

Concave mirrors tend to produce a convergence of rays; 
convex min'ors cause divergence ; plane mirrors do not alter 
the relation of rays. 

Images formed by plane and convex mirrors are virtual 
images. Images formed of objects situated between a concave 
mirror and its principal focus are virtual ; in all other situations 
the images are real. 

(Describe the variety of images that may be formed by a con- 
cave mirror. Describe an image formed by a convex mirror ; 
also one formed by a plane mirror.) 

LIV. REFRACTION. 

When light passes obliquely from a rarer into a denser 
medium it is refracted toward a perpendicular to the boundary 
plane ; if from a denser into a rarer medium, it is refracted 
from the perpendicular. 

The ratio of the sine of the angle of incidence to the sine of 
the angle of refraction is called the index of refraction, and is 
the same as the ratio of the velocity of the incident to that 
of the refracted light. 

When a ray passes obliquely fh)m a vacuum into a medium, 
the index of refraction is greater than unity, and is called the 
absolute index of refraction. The relative index of refraction, 
from any medium A, into another B, is found by dividing the 
absolute index of B by the absolute Index of A. 

When the angle of incidence is such that the angle of refrac- 
tion is 90°, i.e. J the reflected ray moves in the plane of the 
refracting surface, the angle is called the antical angle. Total 
reflection occurs when rays in the more refractive medium are 
incident at an angle greater than the critical angle. 



V 
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LV. LENSES. 

The general effect of coDvex lenses is to converge trans- 
mitted rays ; and of concave lenses, to cause them to diverge. 

The corresponding linear dimensions of an object and its 
image formed by a convex lens are to one another as the re- 
spective distances from the optical center of the lens. 

(Describe the variety of images that may be formed by convex 
and concave lenses.) 

LVI. PRISMATIC ANALYSIS OF LIGHT. — SPECTRA. 

When a beam of white light passes through an optical prism, 
the colors of which it is composed are separated by refraction, 
owing to their different degrees of refrangibility. If the dif- 
ferent colors are again brought together, white light is repro- 
duced. 

Difference of color is a difference of vibration-rate or wave- 
length.' In a dense medium the shorter waves are more 
retarded than the longer ones ; hence, they are more refracted. 
A body which em\ts white light sends forth simultaneously 
waves of a variety of lengths. 

Luminous solids and liquids give continuous spectra, while 
gases usually give discontinuous or bright-line spectra. Hence, 
the spectrum reveals the state of the substance emitting light. 

A vapor of any substance is opaque to those rays which it 
would itself emit if luminous. Hence, when white light 
traverses vapors capable of absorbing certain rays, the spectrum 
formed by the transmitted light will be crossed by dark lines. 
These dark lines occur where bright lines would be formed if 
the same vapors were rendered luminous, hence the former are 
sometimes called reversed spectra. 

No two substances give spectra consisting of the same com- 
binaUon of lines. Spectrum analysis consists in determining 
the presence or absence of given substances in a luminous 
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vapor by the presence or absence of their characteristic lines in 
the spectrum. Likewise the substances which are present in 
the solar atmosphere and the photosphere can be determined by 
the reversed lines of the solar spectrum. 

The solar spectrum is not limited in either direction b}' the 
visible spectrum. Although the eye is not susceptible to impres- 
sions from the ultra-red and ultra-violet rays, yet the former 
are quite energetic in producing heat, and the latter in generat- 
ing chemical action. 

LVn. COLOR. 

Color is a quality of the light which illuminates, and not of 
the object illuminated. No body gives color to light which it 
reflects or transmits. 

The tendency of atmospheric dust is to absorb the colors at 
the violet end of the spectrum, and to transmit the colors at the 
red end. On the other hand, it tends to reflect the colors of the 
violet end, and absorb those of the red. Hence the redness of 
the light at sunrise and sunset, when the light passes long dis- 
tances through this dust ; also, the blueness of sky-light, which 
is reflected light. 

Red, green, and violet are thought to be the three primary 
color-sensations, and all other colors are supposed to be the 
product of mixed sensations of these three in varying propor^ 
tions. 

A color resulting from a mixture of pigments is the color 
that is left after the two pigments have absorbed all the other 
colors, and is not the result of a combination of colors. 

When any two colors combined will produce white, they are 
said to be complementary to each other. 

Waves of light, like sound-waves, may interfere so as to pro- 
duce mutual destruction. If the light is monochromatic, dark- 
ness is the result. If the light is white, and only waves of 
certain length interfere, then a color is produced which is the 
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fesult of the subtraction of the annihilated color from white 
light. Interference may be caused by reflection from thin 
films, and by the bending of rays of light around the edges of 
opaque objects. 

LVIIL DOUBLE REFRACTION AND POLARIZATION 

OF LIGHT. 

Light transmitted through the crystals of certain substances, 
notably Iceland spar, suffers a double refraction, Le.y it becomes 
divided, and pursues two different paths. 

Ordinary light is supposed to consist of vibrations in ether, in 
every possible plane at right angles to the path of the light. 
When, by reflection or transmission through certain substances, 
it is reduced to vibrations of one plane, it is said to he polarized. 

LIX. THERMAL EFFECTS OF RADIATION. 

When a body absorbs largely the radiations which strike it, 
i.e., when the undulations of the ether are largely transformed 
into molecular motion, the body becomes heated thereby, and is 
said to be athermanous. But if the nature of the molecules of 
a body is such that their motions are not readily quickened by 
the undulations, but the body allows a lai^e portion of tlie 
undulations to pass through it unabsorbed, then is it slightly 
heated thereby, and is said to be dicUhermanoua. 

All bodies emit radiations, and, in common parlance, are said 
to radiate heat. Good absorbers are good radiators; bad 
absorbers are bad radiators. The absorbing and radiating 
power of a body of the same substance depends largely upon 
the character of its surface, i.e., whether it be bright and 
smooth, or tarnished and rough. Dew, which is the result of 
condensation of the watery vapor of the air, collects most abun- 
dantly on good radiators, inasmuch as they part with their heat 
rapidly, and, consequently, become cooler than poor radiators. 
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Diffraction, 881. 
Diffusion, 39. 
Discharge, Electrical, 242. 
Discord, Cauae of, 307. 
Dispersion of light, 306. 
Distillation, 102. 
Ductility, 32. 
Dynamics defined, 44. 

of fluklB, 44. 
Dynamo machines, 227. 
Dyne, 125, 128. 

Ear, 316. 

Earth, a magnet, 220, 223. 
Elasticity, 29. 
Electric candle, 200. 

lamp, 260. 

light, 259. 
Electrical attractions, etc., 238, 2S2. 

machines, 245. 

measarements, 197. 
Electricity, Chemical effect of, 192. 

Cun*ent, 179. 

Frictional, 237. 

Heating effect of, 191. 

how it originates, 184. 

Luminous effect of, 192, 253. 

Magnetic effect of, 106. 

Physiological effect of, 195. 

Thermo, 234. 

Two states of, 238. 

Useful applications of, 268. 

What is, 257. 
Electrification, 237. 

on surface, 244. 

Two kinds of, 290. 



Electro-chemical series, 18S. 
Electrodes, 183. 
Electrolysis, 198. 
Electro-magnet, 196. 
Electro-mi^^etic machines, 268. 
Electro-motive force, 204. 
Electrophorus, 246. 
Electroplating, 282. 
Electroscope, 237. 
Electrotyping, 261. 
Energy, Conservation of, 174. 

contrasted with momentum, 123* 

Correlation of, 174. 

defined, 121. 

Formula for, 124. 

Potential and kinetic, 121. 

Radiant, 327. 

Transformation of, 128, 129, 257. 

Unit of, 128. 
Engine, Steam, 175. 
Engines, Einds of steam, 177. 
Equilihnuit force, 95. 
Equilibrium, 44. 

Three states of, 98. 
Erg, 126, 128. 

Ether, a mediiun of motion, 826. 
Evaporation, 163. 
Expansihility of gases, 52. 
Expansion, Ahnormal, 150. 

by heat, 148. 

Coefficients of, 149. 

Power of, 150. 
Experiment defined, !• 
Eye, Human, 393. 

F. 

Falling bodies, 104. 
Fire-alarm, Electric, 20T* 
Flexibility, 29. 
Foci, Conjugate, 360. 
Focus, Principal, 346, 360L 

Virtual, 360. 
Foot-pound, 120. 
Force, Absolute unit of, ISL 

Centrifugal, 102. 

Centdpetid, 102. 

defined, 12, 18. 

Equilibrant, 95. 

Gravity unit of, 126. 

Measure of a, 124. 
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SVHwe, Measure of the effeet of, 126. 

ReBoltant, 91. 
Forces, Gompoaltioii of, 91, 94, 95. 

Graphic representation of, 90. 

Molar, 13. 

Molecnlar, 13. 

Beaolntion of, 92. 
Fraiinliofer*8 lines, 872. 
Fusion, Iaws of, 161. 

G. 

Galwanomeiber, 198, 404. 

Tangent, 199. 
Oalvaaoscope. 184. 
Gaseous bodies. Laws of, 156. 
Gases, Kinetic theory of, 157. 
Gravitatioii, 14, 20. 
Gravity, Acceleration of, 106. 

Center of, 96. 

Force of, 14, 2L 

H. 

Hardness, 28. 
Harmonics, 305. 
Harmony, Canse of, 307. 
Hearing;, limits of, 301. 
Heat, Capacity for, 171. 

Conduction of, 142. 

Convection of, 143. 

convertible, 138, 165. 

defined, 139. 

Diffusion of, 142. 

Expansion by, 148. 

from chemical action, 140. 

Mechanical equivalent of, 175. 

Origin of animal, 140. 

Reference tables for specific, 172. 

Borne sources of, 138. 

Specific, 170. 

units, 165. 
HeUx, 196. 
Horse-power, 121. 
Hydrogren at the copper plate, 185. 
Hydrometers, 83. 
Hydrostatic bellows, 64. 

press, 64. 



loMges, After, 879. 
Fonnatlon of, 346, 860. 



Images, Real, 847. 

through apertures, 830. 

To construct, 347, 361. 

Virtual, 342, 362. 
Impenetrability, 1, 6. 
Indnctlon, 241. 

coils, 232. 
Inertia, 90. 
Interference of light, 379. 

of sound-waves, 274, 323. 
Insulation, 243. 

J. 

Joule's equivalent, 175. 



Kil<^rramn&eter, 120. 
Kinetic energy, 121. 
theory of ^pases, 157. 



I<aw, Mariotte's, 156. 

of Charles, 156. 
I<aws of fusion and boiling, 161. ' 

of gaseous bodies, 156- 
liCnses, 357. 

Effecte of, 358. 
I«eydenjar, 250. 
Ught, a form of energy, 325. 

Analysis of, 364. 

Difflised, 340. 

Electric, 259. 

invisible, 327. 

Reflection of, 339. 

Synthesis of, 366. 
Ughtnlng, 255. 

rods, 255. 
Iilquld snrfoce level, 69. 
liuminous and illuminated bodies, 8201 

M. 

Bfachlnes, 131. 

Law of, 133. 

Uses of, 132. 
Blagnets and magnetism, 212, 224. 

Law of, 213. 

Natural, 228. 

not sources of enei^, 225. 
Magnstic transparency, 213. 
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Gmim of Um Mrth*!, 9SS. 
Magneto nuiehiDM, 8S7. 

•lootrio IndaoUoB, fit. 
XaltoftblUtx. 82. 
MaaoBMtrie flaniet, 812. 
Bfariotto** Iftw, 67, 166. 
Maaa,7, 20. 
Matter a constont qautitjr, 10, 11. 

OondiUons of, 24. 

Crystailine and amorpboiw, 24. 

Three lUte* of, 15. 
Metric system, 889. 
Microphone, 270. 
Microscope, Simple, 902. 

Compound, 801. 
Minuteness of psrtides of matter, 3. 
Mirrors, Reflection from, 841. 
Molecule, i. 
Monientunk, 116. 
Motion, Accelerated, 104. 

Curvilinear, 101. 

First law of, 89. 

Formulas for uniformly accelerated, 
100. 

Kinds of, 87. 

Retarded, 107. 

Second law of, 91. 

Third law of, 117. 

versus rest, 80, 87. 
Multiple reflection, 848. 
Musical instruments, 810. 

Scale, 300. 
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Nodes, 275. 
Noise, 297. 



N. 



O. 



Ohm, 202. 
Ohm's law, 205. 
Opacity, 328. 

Oscillation, Center of, 111. 
Osmose, 40. 
Overtones, 805. 

P. 

Parabolic curve, 109. 
Paramag^netism, 225. 
Pencil of light, 328. 
Pendulum, 110. 



Pendulum, Center of osctUatioB of. 111. 

Center of percussion of, 118. 
Phenonaenon, 1. 
Phonograph, 817. 
Phintometry, 333. 
Physical changes, 9. 
Physics defined, 129. 
Pigments, 375. 

Mixing, 378. 
Pitch, 298. 

Points, Effects of, 252. 
Polarity. 28, 214. 
Polariscope, 387. 
Polarisation, 884. 

of phites, 188. 
Poles of battery, 183. 
Porosity, 7. 
Potential, Electric, 183, 244. 

energy, 121, 168. 
Porte lumiere, 339, 407. 
Press, Hydrostatic, 64. 
Pressure in fluids, 44-79. 
Primary colors, 365. 
Prisms, Optical, 357. 
Projectiles, 108. 
Pump, Air, 54-57. 

Force, 75. 

Llf Ung, 74, 76. 



Quality of sound. 30P. 
Qualities of perfect battery. 21D. 

R. 

Radiation, 327. 

Thermal efi'ects of, 888. 
Radiator, 327. 
Radiometer, 325. 
Random of projectiles, 10& 
Ray, 328. 
Reaction, 116. 
Reflection, Angle of, US. 

Law of, 118. 

Multiple, 843. 

Total, 856. 
Refraction, 860. 

Cause of, 851. 

Double, 388. 

Index of, 868. 
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Belay and repeater, 264. 
Sepnlaion mntual, 13. 
Beaonaace, 290. 
Besonatoray 291. 
Beaiataaoe, Fommla fbr, 202. 

Internal, 203. 

External, 204. 
Beat, 86, 87. 
Reaultant force, 91. 



Sbadowa, 831. 
Simple substances, 8. 
Siphon, 72. 
Siren, 209. 

Solution of solids, 87. 
Sonometer, 803. 
Sound, Analysis of, 309. 

how it originates, 280. 

Imw it travels, 281. 

Loudness of, 288. 

media, 283. 

Musical, 297. 

Pitch of, 208. 

Quality of, 309. 

Reinforcement of, 290. 

Reflection of, 285. 

Refraction of, 287. 

Synthesis of, 310. 

Velocity of, 284. 

what it is, 283. 
Sounder, 264. 
Soundings air-columns, 310. 

plates, 821. 
Sound-wavea, 272, 274, 280. 
Speakingr tubea, 289. 
Speeiflo gravity, 80. 
Spectra, Bright-line, 369. 

Continuous, 368. 

Dark-line, 870. 

Heat and chemical, 373. 
Spectrum analysis, 371. 

Solar, 866. 
Bpectroacope, 868. 
Stability of bodies, 09. 
Steam engine, 175. 
Stereoptioon, 805. 
Summary of elec. measurements, 206. 

of mechanical units and formulas, 127. 
Sun as a source of energy, 141. 



T. 

Table of boiling points, 161. 

of E.M.F., 205. 

of indices of refraction, 858. 

of melting points, 161. 

of metric system, 390. 

of natural tangents, 408. 

of si>ecific gravities, 402. 

of specific heat, 172. 
Tel^^raph, 268. 

Fac-simile, 266. 
Teleg^rapliio alphabet, 286. 
Telephone, Bell, 269, 318. 
Telephone, Dolbear, 271. 

String, 318. 
Telescope, Astronomical, 392. 
Temperature, Absolute, 155. 

defined, 141i 

measured by expansion, 161. 
Tenacity, 32. 
Tenaion, 44. 

Theory of exchanges, 800. 
Thermo batteries, 235. 
Thermopile, 236. 

Thermo-dynamica, 174. 
Thermouieter, Air, 154. 

Construction of, 151. 

Oraduation of, 152. 
Thermometry, 151. 
Tranaformation of energy, 128, 120, 

267. 
Tnuialucency, 828. 
Tranaparency, 328. 
Tubea, Speaking, 280. 



V. 
Undnlatory theory, 827. 



V. 

Vacuum, Absolute, 56. 
Variation of needle, 222. 
Velocity, Accelerated, 104. 

defined, 87. 

of electric discharge, 256. 

of light, 887. 

of sound, 284, 292. 

Unit of, 128. 
Ventilation, 145. 
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T«Btnd MgflMBt, Sf 6l 
▼IbittUon, Dlreetfon of, STSL 

of •t riuf y SOS. 

PropogmUon of, 874. 

Sound, 272. 
VltorAtloBS, Complex, 278, 806. 

OompoalUon of, 811. 

Forced, 295. 

ButloiiAO'* 276. 

Bympethetlc, 206. 
Tiflooelty. 81. 
TtooAl angle, 886. 
Vocal organs, 828. 
Volt, 206. 
Voltaic arc. 2S0. 
VoltMBOtcr, 198. 



WavM, Air, 282. 

Interference of, 274, 294. 

LottgUndlnal, 276. 

Reflection of, 274. 

Bound, 272, 274, 280. 

Water, 278. 
WaT«»-leng:tli, 274, 292. 

Meaaoiing, 292. 
WaTe-lengthe of Ugbt, 367. 
WaTe-Une, 274, 270. 
Wave -motion. Apparatus to HIub- 

trate, 406. 
Wave-propagiatioa, 278. 
Weber, 206b 



APPARATUS ADAPTED TO GAGE'S PHYSIOS. 



Xminediately following the first appearance of the book, in Novem- 
ber, 1882, the Publishers received many calls for apparatus especially 
adapted to the carrying out of the plan of the book. It appearing 
abnost a necessity, Mr. Gage reluctantly consented to give some atten- 
tion to the furnishing of schools with cheap and efficient apparatus, 
thereby rendering it possible for every school in the land, however 
lim.ited its means, to teach this branch in a rational manner. In 
future, he will devote a portion of his time to the study of (1) new 
forms of apparatus, and (2) methods of making the same pieces, with 
slight modifications, answer a variety of purposes. His popular " little 
marvels," the New Porte-Lumifere, Seven in One Apparatus, Eight in 
One Apparatus, improved Pascal's Vases, Bunsen Batteries, Electro- 
motors, and Air-weighing Apparatus, are a sufficient testimony to his 
success thus far. 

Only a minimum profit is charged on this apparatus, so that no 
discounts are possible, and the school which has but a dollar to expend 
can purchase on terms which will compare favorably with the lowest 
net prices ever offered. A set of this apparatus is on constant exhibi- 
tion at our office, 13 Tremont Place, Boston, and portions of sets will 
soon be placed in our branch offices, 4 Bond Street, New York, and 
180 Wabash Avenue, Chicago. 

For price lists, and other information respecting the apparatus, 
address 

A. P. GAGE, English High School^ Boston, Mass. 



tivm Qeorge F. Forbes, Boxhury Latin School, Boston: Mr. Ghage Ib doing 
another work qnlte as helpful to many teachers, in supplying them with cheap, and, at 
the same time, good apparatoa. I know from experience in making apparatus the time 
and labor oonanmed in collecting small but necessary things, in getting out material, and 
in working without proper tools. Mr. Gage gives to teachers apparatus thoroughly 
made in all essential parts, but without expensive finish, at less than the cost of material 
if made sii^ly; and has collected almost everything needed for a class, which he also 
furnishes at less than the cost to the ordinary purchaser. In fitting up a laboratory for 
class-work, I have found it a great help to order from Mr. G-age's list, and I have found 
bis apparatus very satisfactory. My class is using both book and apparatus, — each boy 
performing every experiment himself , — and from experience I can cordially recommend 
Mr. Oage's work to all interested. 



OnV & OOMFANT, Publishers, Boston, ITew Tork, and Chicago. 
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Guides for Science'Teaching. 

Published under the auspices of the Boston Society of Natural 
History. 

Intended for the use of teachers who desire to practically instruct 
their classes in Natural History, and designed to supply such infor- 
mation as they need in teaching and are not likely to get from any 
other source. 

Bets of Bpeolmene illustrating Guides III. -VII. have been pre- 
pared and can be obtained at the following prices : — 

Qvlde III« (7 tpectmens), $140. Guide VI. (19 specimens), $z.ao. 

*' IV., V. (15 specimens), $s.oo. " VII. (xo specimens), $z.ao. 

Larger collections, and sets for students* use, containing 10, 20, 
40, and 60 specimens of a single form can be obtained by special 
arrangement. 

Orders should be addressed to Samuel Henshaw, Boston Soci- 
ety of Natural History^ Boston^ Mass. 

These Guides were prepared solely as aids to teachers, — not as 
text-books. The plan of teaching followed throughout is based 
upon the assumption that, — 

Seeing is the first step on the road to knowledge; that, — 

How much the child learns in his early years is of Utile impor- 
tance, — HOW he learns t everything; that, — 

The teacher'^s work is not to teach the facts, but to lead the mind 
of each pupil to work out for itself the simple physiccd problems 
witnessed or described, and to cultivate the habit of observation and 
of perseverance in investigation, 

Jo. I. Ahoui Pebbles. 

By Alpheus Hyatt, Professor of Zoology and Paleontology in the 
Massachusetts Institute of Technology. i6mo. Paper. 26 pages. 
Mailing Price, 10 cents. 

This pamphlet is an illustration of the way in which a common 
object may be used profitably in teaching. The paniphlet contains 
all the suggestions necessary to enable any teacher to make the 
lesson, or lessons, a complete success. 
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Ho. n. Concerning a Few Common Plants, 

By George Goodale, Professor of Botany in Harvard University. 
i6mo. Paper. 6i pages. Mailing Price, lo cents. 

This is complete in two parts (which are bound together), and 
gives an account of the organs or ** helpful parts ^* of plants, and 
shows how these can be cultivated and used in the school-room for 
the mental training of children. The appliances recommended are 
of the most trifling cost. Even simple lenses are not absolutely 
required for any of the studies suggested. 



No. m. Commercial and Other Sponges. 

By Professor Alpheus Hyatt. lUusirated by 7 piates, i6nio. Paper. 
43 pages. Mailing Price, 20 cents. 

This gives an account of the Sponges in common use, and of 
their structure, etc. The skeletons are present to the eye every 
day, and even the dullest scholar will undertake with interest to 
find out their different qualities, their common names, where they 
come from, and how they are formed. This little manual amply 
illustrates their processes of growth, and the methods of obtaining 
them and preparing them for the trade. 



Jo. IV. A First Lesson in Natural History. 

By Mrs. Elizabeth Agassiz. lUusiraUd by woodcuts and 4 piaUs. 
i6mo. Paper. 64 pages. Mailing Price, 25 cents. 

Gives, in narrative form, for very young children, a general his- 
tory of hydroids, corals, and echinoderms. Written under direction 
of Prof. Louis Agassiz. 

ScientificaUv accurate and dear, it is as simple and fascinating 
as a wonder sto^y. No £uries could more completely win the interest 
of children than do sea-anemones, corals, jelly-fishes, star-fishes, and 
(, as described and depicted in this little book. 
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Ho* T. Common Hydroids, Corals, and Echinoderms. 

By Alpheus Hyatt. Itlusirated. i6mo. Paper. 32 pages. Mail- 
ing Price, 20 cents. 

It begins with an account of the fresh-water hydroids, and shows 
throughout how the studies, or observations, are to be most satis- 
factorily made. The illustrations are remarkably clear and sugges- 
tive ; but, to teach the pupil the value of personal observation and a 
correct habit of study, nothing can take the place of specimens. It 
is desirable that those who are to use this Guide shall be able to 
refer to No. IV. of this series, which is frequently quoted. 

Ho. TI. Mollusca. Oyster, Clam, and Other Common Mollusks, 

By Alpheus Hyatt. Illustrated with // plates containing ^j fibres. 
i6mo. Paper. 65 pages. Mailing Price, 25 cents. 

Apart from its usefulness as holding in compact form all that 
need be taught beginners about the oyster, clam, and other common 
mollusks, this book is invaluable as illustrating in detail the natural 
method of teaching. From first to last, the pupil is a discoverer ; the 
teacher is simply the guide, — the pupil is self-taught. The author 
condescends to the simplest things, and tells in the plainest way 
just how to lead the class to make, in proper order, the necessary 
investigations and discoveries. The most inexperienced will be 
able, with this manual, to give these lessons with success. 



ITo. vn. Worms and Crustacea. 

By Alfheus Hyatt. Illustrated. i6mo. Paper. 68 pages. Mail- 
ing Price, 25 cents. 

The space given to the description of the lobster (and fresh water 
crayfish) will, it is hoped, incite teachers to occupy more time in 
dealing with some one common animal, and thus cultivating the 
habit of close observation. The specimens needed for the lessons 
upon worms are the common earth-worms and the Neresis. In 
these lessons, as in the preceding, the children are to be discoverers, 
not mere learners, — they are to be taught by experience the value 
the pleasure of direct personal observation. 
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go. xn. Common Mmrals and Rocks, 

By W. 0.' Crosby, Instructor in Geology in the Massachusetts Institute 
of Technology. i6mo. 130 pages. Paper. Mailing Price, 25 cents. 

This includes, first, a brief and simple account of the principal 
geological agencies ; second, descriptions of about twenty minerals 
of which rocks are chiefly composed, and of all the more common and 
important varieties of rocks ; and, third, an explanation of the leading 
kinds of structure occurring in rocks, such as stratification, folds, 
£ciults, joints, etc. 

Especial prominence is given to the easy identification of the com- 
mon minerals and rocks, and to the constant association, in the mind, 
of the rocks and rock-structures with the agencies by which they have 
been formed. 

Complete sets of the specimens of minerals and rocks referred to 
in the Guide, aud enumerated in the Appendix, have been prepared 
by the author. Printed numbers, corresponding to those in the list, 
are attached to the specimens. Price per set, $2.00. No charge 
for packing. Collections of one hundred specimens, somewhat 
larger in Size, and cdl properly labelled, $5.00. 

All orders for specimens should be addressed to W. O. Crosby, 
Boston Society of Natural History, Corner of Berkeley and Boylston 
Streets, Boston, Mass. 

Jo. xm. Firsi Lessons in Minerals. 

By Ellen H. Richards, Instructor in Mineralogy, Mass. Institute 
Technology. l6mo. Paper. 50 pp. Mailing price, 10 cts. A valuable 
introduction to Guide No. XII. 

The outline of the lessons was first worked out by Mrs. Rich- 
ards with three successive classes of children, from six to eight 
years old, just out of the Kindergarten. The lessons were then 
given to classes in two public schools in the city of Boston. 
During the two years which have since elapsed, the lessons have 
been given to about one thousand children of the fourth classes of 
several of the Boston Grammar Schools. They have also been 
adopted by teachers in other places. Such changes have been made 
as experience has shown to be desirable, and it is presented there- 
fore in a form which can be recommended to teachers in general. 
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Asa Orey, Prof, of Natural His- 
tory, Harvard Univ.: Teachers so 
Uugbt should be able to give ** object 
lessons" to their young pupils with 
some success. Those who have not 
the advantage of such training should 
send for these primers, study them 
thoroughly, and follow the directions 
they give. 

Albert H. Tuttle, Prof, Zodlogy, 
Ohio State Ukiv,: I wish to express 
my esteem for the whole series and the 
excellent work that Professors Goodale, 
Hyatt, and others are doing with them 
in Boston. 

Soienoe News, N.Y.: No. I. is 
quite as admirable in its way as Prof. 
Huxley's famous lecture " On a Piece 
of Chalk." We deem it embodying 
the most advanced ideas of how Nat- 
ural History ought to be and can be 
taught, which has long been a vexatious 
problem. 

The Bvening Poet, A^.K; They 
are executed in that spirit of direct 
common sense which best becomes 
every attempt to teach scientific truth. 
Properly used, they will work a revolu- 
tion in any school in which an atmos- 
phere of dulness prevails. 

Canada School Journal: Tlie 
science of Natural History is in each 
case placed second to the science of 
teaching. They form for teachers who 
deserve the name the best possible 
reference-books on object-lessons. 

The Tutor, Baltimore, Md. : They 
are perfect little gems, full of sugges- 
tions, illustrations, and hints, useful to 
all who would like to learn the modes 
of presentation and study, or to be 
taught to observe with specimens. 



N. B. Journal of Eklucation : 
This series of guides have been not 
only useful, but have become almost a 
necessity to teachers of elementary 
science. 

Ohioagro Advance : We venture 
to say that many persons, into whose 
hands the little book on " The Oyster, 
Clam, and other Mollusks" may fall, 
will find in it almost the first exact 
knowledge they have been able to ob- 
tain in regard to them. 

The Observer, A^. K .- Large num- 
bers of intelligent persons are such 
children in Natural Science that they 
would find these Guides the very books 
they need to prepare them for more 
advanced studies. Those who have 
no desire to pursue the subjects would 
find their interest in common things 
greatly enhanced by the perusal of 
these excellent little books. 

Canada Educational Monthly: 

Mrs. Richards' admirable pamphlet of 
fifty pages is well adapted for use in the 
higher classes of our public schools 
and junior classes in high schools. 
It would be difficult to improve upon it. 

The Critic: No XIII. is a tiny 
pamphlet, as admirable as it is tiny. 
It is based on the modem method of 
teaching, not by imparting, so much as 
by eliciting, information — questioning 
pupils, not for answers in the book, but 
for answers which they must think out 
for themselves, or investigate outside of 
their text-books. 

Utica Mominer Herald : The 
care and accuracy with which it is 
done, together with the fuller treatment 
than usual in this series, make it a val- 
uable manual for those who wish to 
gain a general knowledge of the sub- 
ject without going into it too deeply. 



